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calcium phosphate coprecipitation technique. Af- 
ter 46 hours, iransfected cells were washed with 
medium containing 2 mM EDTA and then with 
culture medium. Cells were then challenged with 
HIV-1 LAI (corresponding to 0.5 \lq of p25, which 
is equivalent to al30ut 40 particles per cell) for 6 
hours in the absence or presence of inhibitors. 
Ceils were first washed in medium containing 2 
mM EDTA and then washed once with trypsin 
before incubation (5 min at ST'C) in 5 ml of 
trypsin. Cells were then repeated in 7b<m^ flasks 
containing fresh culture medium and incubated at 
37*C for 24 hours. One-mllllliter portions of each 
supernatant were then used to infect CEM cells (5 
X 10®). The production of HIV-1 (as determined 
by ELISA of p2S) in CEM cultures was measured 
by assaying culture supernatants 7, 9, and 1 1 
days later. The expression of CD4 antigen on ttie 
cell surface of transfected cells was carried out 48 
hours after trypsin treatment by FACS analysis with 
mAb 0KT4. [P. R. Rao, M. A. Talle, P. C Kung, G. 
Goldstein. Ceil fmmunot, 80. 310 (1983)]. The 
expression of human CD26 was determined 



£tfter immunoprecipitation (see Fig. 4, legend). 
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Distinct Roles for Cyclin-Dependent Kinases in 
Cell Cycle Control 

Sander van den Heuvel* and Ed Harlow 

The key cell-cycle regulator Cdc2 belongs to a family of cydin-dependent kinases In higher 
eukaryotes. Dominant-negative mutatbns were used to address the requirement for ki- 
nases of this family in progressk)n through the human cell cyde. A dominant-negative Cdc2 
mutant arrested cells at the to M phase transition, whereas mutants of the cyclin- 
dependent kinases Cdk2 and Cdk3 caused a block. The mutant phenotypes were 
spedfically rescued by the corresponding wikJ-type kinases. These data reveal that Cdk3, 
In addition to Cdc2 and Cdk2, executes a distinct and essential functk>n in the mammalian 
ceil cyde. 



Cell division is controlled by way of a 
complex network of biochemical signals 
that are similar in all eukaryotic cells. 
Together, these signals regulate specific 
transitions in the cell cycle. The best char- 
acterized transitions are those from G, to S 
phase and from to mitosis. In yeast, 
passage through both transition points is 
regulated by the same protein kinase, the 
product of the CDC28 or cdcZ'*' gene for 
Sacdunamyces cerevisiae and Sduzosaccham- 
myces pombct respectively (i). The Cdc2- 
CDC28 catalytic subunit requires associa- 
tion with a cyctin regulatory subunit for 
kinase activity (2) , and different cyclins are 
involved in the G^/S transition (Gj cyclins) 
and the Gj/M transition (mitotic cyclins). 
Multicellular eukaryotes appear to have 
developed a higher degree of regulation. 
They express multiple cyclins, like yeast, 
but also contain multiple catalytic sub- 
units that can interact with these cyclins. 
Whereas p34'^^ is active and essential at 
theGj/M transition (3, 4), a closely relat- 
ed kinase, p33*^*''^, has been implicated in 
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the initiation of DNA replicaticxi (3, 5, 6). 

Twelve human protein kinases have 
been described that share extensive amino 
acid sequence identity with p34'^^ (7-10)* 
These kinases are named temporarily after 
their amino acid sequence in the 
PSTAlRE-region (H), a domain that is 
conserved between yeast and human Cdc2. 
Alternatively, they are designated as cy- 
din-dependent kinases either when a cyclin 
partner is identified or when they comple* 
ment yeast cdc2-cdc28 mutations. In mam- 
malian cells, Cdc2 associates mainly with 
A- and B-type cyclins; Cdk2 associates with 
cyclins A, E, and D; and Cdk4 (formerly 
PSK-J3), Cdk5 (previously PSSALRE), 
and Cdk6 (previously PLSTIRE) associate 
with D-type cyclins (5. 8, iO, J2, 13). 
Althou^ Cdk3 has never been found in 
association with cyclins, because of high 
sequence identity with both Cjdc2 and 
Cdk2 and the ability to complement aic28 
mutations in yeast, it is classified as a 
cyclin-dependent kinase (7). 

The existence of a family of Cdc2-relat- 
ed genes suggests that other kinases, in 
addition to Cdc2 and Cdk2, may regulate 
distinct steps in the cell cycle. To investi- 
gate the requirement for the other kinases 



in cell cycle progression, we examined the^ 
phenotypic consequences of the inactiva-f 
tion of each kinase. We generated domi- ; 
nant-negative mutations for each Cdc2-f 
related kinase and expressed these mutant 
forms in human ceUs. When expressed at ^ 
high levels, dominant-negative mutations 



inacdvate the function of the wild-type 



protein by competing for essential interact 
ing molecules (i4). Data from previous 
structure-function studies predicted that ^ 
the mutation of Asp'^^ in Cdk2 (Asp^^* in 
Cdc2) might generate dominant-negative ► 
mutants. This residue is conserved in all 
protein kinases and is part of an amino acid ^ 
stretch, KLAD*FGLAR (II) (* marb 
point of mutation) , that is identical in all 
Cdc2 -related genes (7, 15). The equivalent 
Asp residue in 3 ',5 '-adenosine monophos- 
phate (cAMP)-dependent kinase is known ► 
to be essential in the phospho-transfer re- 
action (16). On the basis of the crystal^ 
structure data, this residue presumably che- 
lates Mg^* and orients the ^- and 7-phos- ; 
phates of magnesium adenosine triphos- ^ 
phate (Mg^'*'ATP) in the catalytic cleft of 
the enzyme (17). Moreover, an Asp to Asn ^ 
point mutation at this position has been 
identified in one of the two dominant- ► 
negative mutant alleles that have been 
found for CDC28 in yeast (18), Finally, i 
this residue is located outside the regions of 
cdc2 that are implicated in binding cyclin 
and pl3^""' subunits (19). 

To determine whether dominant-nega- 
tive inhibition could lead to specific loss of t 
function, we tested the effects of the Asp to 
Asn mutation in Cdc2 and Cdk2. For each \ 
kinase, four versions were generated: wild I 
type (wt) and mutant, each untagged or 
modified with an influenza hemagglutinin ^ 
(HA) epitope tag at the COOH-terminus i 
to allow discrimination between endoge- 
nous and exogenous kinases (20). When 
expressed from the inducible GAL4 pro- 
moter in yeast, wild-type tagged and un- 
tagged forms of Cdcl and Cdkl were able to 
rescue the cdcIS-^ allele at the nonpermis* 
sive temperature (36^), indicating that 
the tagged kinases were functional (21). 
The corresponding mutant forms could not 
rescue cdc28 mutations at the nonpermis- 
sive temperature. Moreover, these mutants 
interfered with proliferation when induced 
at the permissive temperature (21), 

The wild-type and mutant kinases were 
cloned under the control of the cytomegalo- 
virus (CMV) promoter and were transiently 
transfected into human U20S osteosarcoma 
cells (20, 22). The expression levels of the 
wild-type and mutant proteins were similar 
(Fig. 1, B and C). However, in vitro histone 
HI kinase activity was only associated with 
the wild-type kinases (Fig. ID). The epi- 
tope-tagged forms of both witd-type and 
mutant Cdc2 appeared to associate with 
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* cycUns A and Bl, like endogenous Cdc2. 
The equivalent forms of Cdk2 bound to 
cycUns E and A (23). Thus, the Asp to Asn 

* mutation in Cdc2 and Cdk2 abolished their 
function as kinases but did not affect their 

< ability to associate with cyclins. 

If wild-type Cdk2 and Cdc2 are required 

4 at specific times in the cell cycle, overex- 
pression of dominant-negative mutants 
should block cell cycle progression when 

* their kinase activity is required. We evalu- 
ated such phenotypes in transient transfec- 

* rion assays by including an expression plas- 
mid for the B cell surface marker CD20. 

4 Transfected cells were identified by CD20 
staining, and the cell cycle profile of the 
CD20-positive cells was determined by flow 

* cytometry (22). Within the same experi- 
ment, the Gp S, and Gj/M populations 

^ varied by a few percent at most between 
samples that were independently trans- 

* fected with the same plasmids. Four differ- 
ent human cell lines with high transfection 

^ efficiencies were used in these experiments: 
U20S and Saos-2 osteosarcoma cells, 
C33A cervical carcinoma cells, and T98G 

^ glioblastoma cells. 

Expression of mutant Cdk2 and mutant 

i Cdc2 changed the cell cycle distribution. 
The Cdk2 mutant (Cdk2-dn) caused a large 

4 increase in the G, population, whereas the 
Cyc2 mutant (Cdc2-dn) led to an increased 
G2/M population (Fig. lA). Transfection 

' of wild-type Cdc2 or Cdk2 did not affect 
the cell cycle distribution (24). However, 

* the effect of the mutant kinase could be 
overcome in each case by the cotransfec- 

i rion of a plasmid expressing the correspond- 
ing wild-type kinase (Fig. lA). Whereas 
the Cdk2-dn caused an effect in all cell 

' lines tested, a Cdc2-dn effect was not ob- 
served in C33A cells (25). 

1 Together, these data suggest that the 
arrests observed after the overexpression of 

, mutant Cdk2 or C:dc2 are the result of 
specific inhibition of the activity of the 
endogenous wild-type kinases. The timing 

* of the arrest is distinct for the Cdc2 and 
Cdk2 mutants and is consistent with the 

* timing of activation of the endogenous 
kinases, as well as their predicted roles in 

, cell cycle progression (3-6). It b unlikely 
that the effects are the result of nonspecific 
toxic effects because plasmids expressing 

^ the wild-type kinases gave no such change 
and could overcome the phenotype of the 

* corresponding mutant. Therefore, we con- 
clude that these mutants act in a dominant- 

i negative fashion and create highly specific 

loss-of-function phenotypes. 

If the effects of Cdk2 and Cdc2 mutants 
^ were the result of competition with the 

endogenous wild-type kinases for cyclin 

* binding, the block should be overcome by 
overexpression of cyclins. Plasmids express- 

. ing cycUns A, Bl, B2, C, Dl, D3, and E 



were transfected to test this possibility (26). 
Rescue of the Cdk2 dominant-negative ef- 
fect was observed when a reduced amount 
of the mutant, resulting in a less stringent 
arrest, was transfected in a 1:2 ratio with 
the cychn Dl plasmid (Fig. 2). Cyclins A 
and E were both less efficient in rescuing 
the inhibition, but their effectiveness was 
proportional to the level of their expies- 
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sion. No effects were observed when cyclins 
Bl, B2, C, and D3 were cotransfected with 
the Cdk2 mutant. In contrast, a reduction 
of the Cdc2 dominant-negative effect was 
only observed when either cyclin Bl or B2 
was coexprcssed (27). 

Although the rescue of Cdk2 and Cdc2 
mutants by different cyclins points to spec- 
ificity for Gj versus mitotic cyclins, the 
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Fig. 1. Expression of mutant fomns of Cdk2 and Cdc2 cause specific cell-cycle arrests. U20S cells 
were transiently transfected with plasmids expressing the kinases indicated. Control cells are 
transfected with the CMV-neo-Bam vector. Dominant-negative (dn) and wlld-type (wt) kinases were 
untagged in (A) whereas HA-tagged forms were expressed in (B), (C). and (D). (A) DNA histograms 
of CD20-po8itive cell populattons in which relative DNA content is plotted against cell numt)er. 
U20S cells were transfected with 5 m« of pCMVCD20 plus 20 nQ of CMV vector (control) . 1 0 jtg of 
CMVcdk2-dn and 10 jtg of CMV vector (cdk2-dn), 10 jtg of CMVcdk2-dn and 10 jig of CMVcdk2-wt 
(cdk2-dn + wt). 10 jtg of Ch4Vcdc2-dn and 10 iig of CMsf vector (cdc2-dn). or 10 m-O of 
CMVcdc2-dn and 10 »ig of CMVcdc2-wt {cdc2-dn + wt). The cells were han«sted 48 hours after 
the removal of DNA precipitates, stained for CD20 expression and DNA content, and analyzed by 
flow cytometry {33). (B) Expression levels of epitope-tagged mutartt and wild-type Cdk2 and Cdc2 
as determined by protein immunoblotting. Each lane contains 25 ftg of total lysate from cells 
transfected with 20 \ig of the CMV-neo-Bam vector (control) or 20 ^fl of CMV plasmids expressing 
the indicated genes. Proteins were separated by SDS-PAGE (polyacrylamide gel electrophoresis), 
immunoblotted. and probed with the anti-HA monoclonal antibody 12CA5 as described {33). Similar 
results have been obtained with U20S and C33A cells. To be able to compare expression levels of 
the different kinases, we used the same experiment and exposure for Fig. 3. B through D. and Fig, 
4. (C) Immunoprecipitation of epitope-tagged mutant and wild-type Cdk2 and Cdc2. The anti-HA 
lag monoclonal antibody 12CA6 was used to immunopredpitate a^S-labeled proteins from U20S 
cells transfected with the indicated plasmids. Medium was replaced 42 hours after transfection by 
3 ml of methionine-free DMEM supplemented with 0.5-mCi 3«S-protein labeling mix (NEN) per dish. 
The cells were lysed in EIA-Iysis buffer, and 1/10 of each lysate was immunoprecipitated with 
12CA5 and protein A beads as described (33). (0) In vitro histone HI kinase activity associated with 
anti-HA immunoprecipitates. Transfecttons and immunoprecipitattons were performed as in (C). but 
200 ^tg of total cellular protein was used for each immunoprecipitatton. fdtowed by incubatkwi of the 
immunoprecipitates in kinase buffer supplemented with 4 im of histone HI and 40-M.Ci pPJATP at 
aO'C tor 30 min as descrit)ed (8). 
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Fig. 2. Rescue of the 
Cdk2 dominant-nega- 
tive phenotype by over- 
expression of cyclin 
Dl. Saos-2 cells were 
transiently transfected 
with 2 fig of the 
CMVCD20 plasmid in 

combination with 24 jtg of the CMV vector (control). 16 jtg of cyclin Dl plasmid and 8 m-Q of the 
vector (Dl). 8 \lQ of CMVcdk2-dn and 16 ^.g of vector (cdk2-dn), or 8 m-Q of CMVcdk2-dn and 16 
Jig of cyclin Dl plasmid. DNA histograms of CD20-positive Saos-2 cells are shown in which DNA 
content is plotted versus cell number as in Fig. 1 . CeHs were harvested 48 hours after the removal 
of DNA precipitates, stained, and analyzed by ftow cytometry as in Fig. 1 and {22). 
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eflfect was highly dependent on the relative 
amount of the rescuing cyclin. Therefore, 
whereas the alleviation of the dominant- 
negative effects suggests that cyclin titra- 
tion is at least part of the mechanism of 
inhibition, it does not necessarily reveal the 
cycling that regulate the kinase in vivo. 
This restriction is substantiated by our in- 
ability to detect endogenous cyclin Dl in 
Saos-2 cells, although the Cdk2-dn effect 
could be rescued by cyclin Dl in these cells. 

Because dominant-negative inhibition 
may uncover a requirement for other cy- 
clin-dependent kinases in cell cycle pro- 
gression, the corresponding Asp to Asn 
mutation was introduced into other candi- 
date kinases, and both HA-tagged and -un- 
tagged forms were generated for each of the 
wild-type and mutant forms of these ki- 
nases. Plasmids expressing these kinases, 
driven by the CMV promoter, were nrans- 
fected into several different human cell 
lines, and their expression and effects on 
cell cycle distribution were evaluated. 

When the Cdk3 mutant was tested in 
these assays, it was also found to change the 
cell cycle profile (Fig. 3A), although its 
expression was found to be relatively low 
(Fig. 3D). The Cyk3 mutant resulted in an 
increased G, population in all 15 indepen- 
dent experiments in Saos-2 and C33A cells 
(mean ± SD, 24.2% ± 10.6%). Transfec- 
tion of plasmids expressing wild-type Cdk3 
did not have any noticeable effect- 

We have supposed above that alteration 
of the flow cytometry profile by the domi- 
nant-negative mutants results from a block 
in cell cycle progression. However, another 
possibility is, in the case of Cdk3, that the 
mutant causes a increase as the conse- 
quence of the acceleration of S or Gj/M. To 
discriminate between these possibilities, we 
examined the effect of nocodazole on the 
Cdk3 dominant-negative phenotype. No- 
codazole, which prevents spindle forma- 
tion, causes cells that proceed through the 
cycle to accumulate in M phase. However, 
this drug should have no effect if the cells 
are already arrested in Gp A substantial 
increase in the S and G2/M populations was 
observed in control transfected cells when 
nocodazole was added 48 hours after trans- 
fection and cells were harvested 16 hours 
later. However, cells expressing the Cdk3- 
dn mutant did not accumulate in Gj/M (Fig. 
3E). The lack of a nocodazole effect was 
specific for the Cdk3-dn- arwl CD20-posi- 
tive cells because the same sample showed a 
large enrichment of cells at G2/M when 
untransfccted cells were included (Fig. 3E). 
Thus, the Cdk3 mutant causes a G, arrest 
and not acceleration of S or G2/M. 

Rescue experiments were performed to 
test the specificity of dominant-negative 
Cdk2 and Cdk3 because both mutants 
caused the accumulation of cells in G|. The 
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amount of mutant plasmid was reduced to 
lower the dominant-negative effect and 
make rescue as sensitive as possible. Where- 
as wild-type CdVl could efficiently over- 
come the dominant-negative effect of the 
Cdk2 mutant, wild-type Cdk3 could not 
(Table 1). In the converse experiment, 
wild-type Cdk3 neutralized the effect of the 
Cdk3 mutant, but wild-type Cdk2 did not 
(Table 1), The fact that dominant-negative 
Cdk3 causes a Gj block that can be rescued 
by wild-type Cdk3 suggests that Cdk3 func- 



tion is required for Gj progression. » 

The same increase in the Gj population 
could be obtained with amounts of the 
Cdk3 mutant I/IO to 1/20 that of the CdkZ * 
mutant (28). Because a relatively low 
amount of the Cdk3 mutant caused a dom- ^ 
inant-negative phenotype, the endogenous 
amount of this kinase might be low. An ^ 
affinity-purified rabbit antiserum raised 
against the 10 amino acids of the COOH- 
terminus of Cdk3 readily detected 36- and 
33-kD proteins ftrom Cdk3-transfected cells 
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Fig. 3. Dominant-negative CdkS 
is expressed at a relatively low 
level but causes the accumulation 
of cells in Gi. (A) Saos-2 cells 
were transiently transfected with 5 
\iQ of the CMVCD20 plasmid in 
combination with 20 \iQ of the 
CMV vector (control). 20 »ig of 
CMVcdk2-dn (cdk2-dn). or 20 ^ig 
of CMVcdk3-dn (cdk3-dn). DNA 
histograms of CD20-positive 
Saos-2 celts are depicted as in 
Figs. 1 and 2. The cells were 
harvested 48 hours after the re- 
moval of DNA precipitates, 
stained, and analyzed by flow cy- 
tometry (22). The expression lev- 
els of epitope-tagged mutant and 
wild-type Cdk2 and Cdk3 were 
determined by protein immuno- 
blotting. Arrows indicate the posi- 
tion of Cdk2 and Cdk3 proteins. 
Each lane contains 25 \lq of total 
lysate from cells transfected with 
(B) 20 jtg of the CMV-neo-Bam 
vector (control). (C) 20 jtg of 
CMVcdk2-dn. or (D) 20 \i.Q of 
Cdk3-dn. Proteins were separat- 
ed by SDS-PAGE, immunoblot- 
ted, and probed with the HA 
monoclonal antibody 12CA5. To 
compare expression levels of the 
different kinases, the same exper- 
iment and exposure is used for 

each panel, as in Fig. IB and Fig. 4. (E) Celts expressing Cdk3-dn are blocked in G,. Forty-eight 
hours after transfection, cells were refed with fresh medium (upper panel) or fresh medium 
containing nocodazole (NOC) (50 ng/ml; lower panel). The cells were harvested, stained, and 
analyzed by flow cytometry 16 hours later. Saos-2 cells were transfected with 3 jtg of CMVCD20 in 
combination with (left) 22 \iQ of CMV vector or (middle and right) 22 ^g of CMVcdk3-dn. Left and 
middle histograms show the DNA content of the CD20-posltive populations. Histograms at the right 
show the total population and include s90% untransfected cells. The middle and right histograms 
are derived from the same samples. 

Table 1. Rescue of the Cdk2 and Cdk3 dominant-negative phenotype by coexpression of the 
corresponding wild-type kinases. Saos-2 cells were transiently transfected with 2 \lq of the 
CMVCD20 vector in combination with either 20 jtg of vector DNA or 10 jtg of each plasmid indicated 
below. The cell cycle profile of CD20-positive cells (percentage of cells in each stage) was 
determined by flow cytometry [22). Each value is the mean ± SD of four independent experiments. 
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and proteins with the same mobility at 
much lower levels in untransfected normal 
human fibroblasts (W138) and human tu- 
mor cell lines (29). The expression of the 
Cdk3 proteins was roughly two orders of 
magnitude lower than that of Cdk2, as 
determined from the signal obtained when 
Cdk2 and Cdk3 immunoprecipitations were 
immunoblotted and probed with an anti- 
PSTAIRE monoclonal antibody. To date, 
we have been unable to detect cyclins asso- 
ciated with Cdk3 in experiments in which 
Cdk2- and Cdc2-as50ciated cyclins were 
readily detected. However, cotransfection 
with cyclins Dl or E could largely overcome 
the dominant-negative Cdk3 effect, which is 
an indication that Cdk3 requires a cyclin 
partner for its function (27). 

Transfection of plasmids encodir\g wild- 
type or mutant forms of Cdk4, Cdk5, Cxlk6, 
atKl PCTAlRE-1 had no noticeable effect on 
the cell cycle distribution of transfcctcd 
C33A, Saos-2, U20S, or T98G cells (Fig. 
4). Moderate (C:dk6) to very high levels of 
each kinase were found in transfected cells 
(Fig. 4). In several cases, we tested for 
redundancy by cotransfection of related ki- 
nases. For example, Cdk4 and Cdk6 share 
71% identity in amino acid sequence (7); 
however, cotransfection of the CdVA and 



C:xlk6 mutants did not affect cell cycle dis- 
tribution. Neither did combinations involv- 
ing three or four of these mutant kinases. In 
this assay system, we cannot identify an 
essential role for the Cdk4, Cdk5, Cdk6, or 
PCTAIRE-1 kinases in cell cycle progres- 
sion, but experiments in other systems will 
be required to evaluate such fiincdons. Ki- 
nase activity associated with Cdk5 has been 
detected solely in terminally differentiated 
neuronal cells, suggesting that its funcrion is 
unrelated to cell division (30) . 

Data from this and other studies suggest 
that different catalytic subunits have evolved 
in higher eukaryotes to control distinct cell 
cycle events (3-6). In addition to Cdc2 and 
Cak2, Cdk3 appears to be one of such cata- 
lytic subunits. The phenotype of the domi- 
nant-negative Cdk3 mutant suggests that cel- 
lular Cdk3 executes a regulatory function. 
Several observations support this conclusion: 
(i) The effects of dominant-negative cyclin- 
dependent kiniases were hifi^y specific. The 
phenotypes of mutant Cdc2 and Cdk2 arc 
distinct and consistent with their presumed 
furu:tions, and mutant forms of several closely 
related kinases did not have any cell cycle 
effect, (ii) Coexpression of wild-type Cdk3 
efficiently reversed the efrect of mutant (3dk3. 
(iii) Growth arrest by dominant-negative 
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Rq. 4. Expression of mutant Cdk4. Cdk5, Cdk6. or PCTAIRE-1 (PCT-t) does not result in significant 
changes in ceil cycle distribution. The top panel contains DNA histograms from CD20-positrve C33A 
celte. DNA content is displayed versus cell number, as in Fig. 1 . C33A cells were transiently transfected 
with 5 >tg of PCMVCD20 in combination with 20 |ig of plasmid DNA expressing the kinases Indicated. 
The cells were harvested 48 hours after the removal of DNA precipitates, stained, and analyzed by ftow 
cytometry {22). The kjwer panel shows the expression levels of epitope-tagged mutant and wild-type 
kinases as determined by protein immunoblolting. Arrows indicate the positions of each kinase. Asterisks 
indtaate a cellular protein recognized by the 12CA5 antibody. Each lane contains 25 pig of total lysate 
from transfected C33A cells. Proteins vjrere separated by SDS-PAGE. immunobkstted. and probed with 
the anti-HA monoclonal antibody 1 2CA5. To compare expression levels of the different kinases, the same 
exposure was used for each panel, as in Figs. 1B and 3, B through D 
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Cdk3 occurred at relatively low expression 
levels, in agreement with the low amount of 
the endogenous protein, (iv) Overexpression 
of Gi cyclins can overcome the effect of 
dominant-negative Cdk3. (v) In previous 
work, Cdk3 was shown to be the only kinase 
in addition to Cdk2 and CdcZ that could 
rescue yeast cdc28 mutations (7). Together, 
our data suggest diat the CcQc2 and Cdk3 
kinases play essential and independent roles 
in Gi/S progression, 
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Receptive Field Reorganization in Dorsal Column 
Nuclei During Temporary Denervation 

Michael J. Pettit and Harris D. Schwark* 

Altered sensory input can result in the reorganization of soniatosensory maps in the 
cerebral cortex and thalamus, but the extent to which reorganization occurs at lower levels 
of the somatosensory system is unknown. In cat dorsal column nuclei (DCN), the Injection 
of k)cai anesthetic into the receptive fields of DCN neurons resulted in the emergence of 
a new receptive field in all 1 3 neurons studied. New receptive fields emerged rapidly (within 
minutes) , sometimes accompanied by changes in adaptation rates and stimulus selectivity, 
suggesting that the new fields arose from the unmasking of previously ineffective inputs. 
Receptive field reorganization was not imposed by descending cortical inputs to the DCN, 
because comparable results were obtained in 1 0 additional cells when the somatosensory 
and motor cortex were removed before recording. These results suggest that mechanisms 
underlying somatotopk: reorganization exist at the earliest stages of somatosensory pro- 
cessing. Such mechanisms may participate in adaptive responses of the nervous system 
to injury or continuously changing sensory stimulation. 



Sensory maps in the cerebral cortex arc 
maintained througii dynamic processes. 
Modification of peripheral inputs to the 
central nervous system results in reorgani- 
zation of cortical somatosensory maps in a 
number of species (I) including humans 
(2). The identification of the mechanisms 
that are involved in map reorganization has 
clinical implications for the treatment of 
peripheral nerve injury and phantom limb 
pain. 

A critical issue that must be resolved 

before the mechanisms of reorganization 
can be uncovered is the extent to which 
reorganization at subcortical levels contrib- 
utes to changes previously described in the 
cortex. Mapping studies suggest that pe- 
ripheral nerve transection can result in map 
reorganization in the primate ventral poste- 
rior thalamic nucleus (3). Such reorganiza- 
tion has not been found in DCN or trigem- 
inal nuclei (4) , although it is difficult to 
detect reorganization in subcortical maps, 
which are three-dimensional and can ex- 
hibit large somatotopic shifts over relatively 
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small distances. An alternative approach, 
which we have used in the present study, is 
to map a single neuron's receptive field, 
inject local anesthetic into the field to 
silence input from the receptive field tem- 
porarily, and then test for the appearance of 
a new receptive field. In thalamus (5) and 
cortex (6) this approach has been used to 
demonstrate that new receptive fields can 
emerge within minutes after the injection 
of lidocaine. Such changes in cat DCN 
neurons have not been investigated, al- 
though cold block of the dorsal columns has 
been reported to result in the emergence of 
new receptive fields in a small proportion of 
nucleus gracilis neurons (7). 

To study subcortical reorganization in the 
present experiments, we recorded fix)m 13 
DCN neurcxis in six adult cats (S). Subcuta- 
neous lidocaine injections into the original 
receptive field resulted in the rapid emergence 
of a new receptive field in every neuron tested 
(Table 1 aiKl Fig. 1, A and B), However, the 
possibility remained that the primary site of 
reorganization was the cerebral cortex, and 
that subcortical reorganization was imposed 
by descending cortical inputs to the DCN. To 
test this possibility, we recorded fix>m 10 
neurons in four additional cats after the re- 
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Effect of Ischemic Preconditioning and Mitochondrial 
Katp Channel Openers on Chronic Left Ventricular 
Remodeling in the Ischemic-Reperfused Rat Heart 



Yuka Dairaku, MD; Toshiro Miura, MD; Nozomu Harada, MD; 
Masayasu Kimura, MD; Takayuki Okamura, MD; Hiroshi Iwamoto, MD; 
Ryosuke Kametani, MD; Michio Yamada, MD; Yasuhiro Ikeda, MD; 
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The influence of ischemic preconditioning (IP) and mitochondrial ATP-sensitive potassium (mito-KATP) channel 
openers on chronic left ventricular (LV) remodeling remains unknown, so the effect of IP and mito-KATP channel 
openers on the LV pressure -volume curve was assessed in rats subjected to 30min ischemia followed by a 3- 
week reperfusion. Infarct size was histologically determined at 3 weeks after reperfusion. The LV pressure - 
volume curve was significantly shifted left by IP, diazoxide and nicorandil compared with the controls. These 
effects were blocked by the selective mito-KATP channel blocker S-hydroxydecanoate. The LV remodeling and 
the infarct size at 3 weeks after reperfusion correlated well, indicating that the reduction of LV remodeling in the 
ischemic -reperfiised model was strongly influenced by attenuation of the ischemic injury. LV remodeling in the 
chronic phase is attenuated by IP and mito-KATP channel openers with concomitant reduction of infarct size. 
(C/rcy2002; 66: 411-415) 

Key Words: Diazoxide; Ischemic preconditioning; Nicorandil; Pressure- volume curve 



A brief episode of ischemia-reperfusion reduces the 
size of the infarct caused by a subsequent longer 
ischemia-reperfusion insult. This phenomenon 
was first reported by Murry et aP and termed ischemic 
preconditioning (IP). The underlying mechanism of this 
phenomenon has been intensively investigated and one of 
the crucial mechanisms is the opening of the mitochondrial 
ATP-sensitive potassium (mito-KATP) channels?-^ In order 
to mimic IP, the effect of mito-KATP channel openers has 
been investigated and these agents result in reduction of 
infarct size?-i2 However, the effect of IP and mito-KATP 
channel openers on chronic left ventricular (LV) remodel- 
ing has not been clarified yet. LV remodeling is a major 
determinant of prognosis after myocardial infarction^^ and 
it may be determined by the infarct size and could be modi- 
fied by drugs such as angiotensin-converting enzyme 
inhibitors! 4 Thus, assessing LV remodeling is an important 
evaluation of whether or not interventions such as IP or 
mito-KATP channel openers are really effective. Further- 
more, the reperfusion conditions, such as the no reflow 
phenomenon, may modify the infarct size and thus the LV 
remodehng in the chronic state. Therefore, the purpose of 
the present study was to investigate the effect of IP and 
mito-KATP channel openers on the extent of LV remodeling 
as assessed by the pressure-volume relationship, and to 
assess the correlation between infarct size and LV remodel- 
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ing during the chronic stage. 

Methods 

All experiments were performed in accordance with the 
Guide for the Care and Use of Laboratory Animals (NIH 
Publication No. 85-23) and were approved by the Animal 
Research Committee of Yamaguchi University School of 

Medicine. 

Surgical Preparation 

Male Sprague-Dawley rats (280-330 g) were anes- 
thetized by intraperitoneal injection of sodium pentobarbi- 
tal (60mg/kg). Additional anesthesia was given during the 
experiment as required. After tracheal intubation, the rats 
were ventilated with a mixture of room air and 100% 
oxygen (respiratory rate, 65-70 breaths/min). After a thora- 
cotomy in the fourth intercostal space, the heart was 
exposed and a thread was passed around the left anterior 
descending coronary artery (LAD) to occlude it. After 3 
weeks of reperfusion, LV pressure (LVP) was measured by 
a 2F catheter-tip micromanometer (Model SPC-320, Millar 
Instruments, USA) inserted via the right carotid artery. The 
peak of the first derivative of LVP (+dP/dt) and the time 
constant of isovolumetric LVP decay (Tau) were calculated 
by an online data acquisition system (CODAS, DATAQ 
Instruments, Achron, OH, USA). The body temparature 
was maintained at 37±0.3°C by a heating pad. 

Reagents 

Diazoxide (Funakoshi, Osaka, Japan) was dissolved in 
dimethylsulfoxide (DMSO), the final concentration of 
which was less than 0.1%. Nicorandil (Chugai, Tokyo, 
Japan) was dissolved in saline at a concentration of 1.0 
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Fig 1. Rats were subjected to a 30-min coronary occlusion followed 
by 3 weeks of reperfusion in all groups (n=6, each). Ischemic precon- 
ditioning (IP) was perfornfied by 3 cycles of 3min of ischemia 
followed by 3 min of reperfusion. Diazoxide (3.5 mg/kg IV) and nico- 
randil (1.75 mg/kg IV) were administered 10 min before the 30-min 
ischemia (arrow). 5-hydroxydecanoate (5.0 mg/kg IV) was adminis- 
tered 10 min before IP or the infusion of diazoxide or nicorandil 
(arrowheads). C, controls; IP, ischemic preconditioning; D, diazoxide; 
N, nicorandU; 5HD, 5-hydroxydecanoate. 



mg/ml. A selective mito-KAXP channel inhibitor, 5-hydrox- 
ydecanoate (HD) (Sigma)?»^»'5.i6 ^as dissolved in saline. 

Experimental Protocols 

The experimental protocols are shown in Figl. Seven 
groups of rats (n=6, each) were subjected to 30min ischemia 
created by occluding the LAD, followed by reperfusion for 
3 weeks. IP was performed by 3 cycles of 3 min of ischemia 
followed by 3 min of reperfusion. Diazoxide (3.5 mg/kg IV) 
and nicorandil (1.75 mg/kg IV) were injected lOmin before 
the 30-min ischemia. 5-HD (5.0 mg/kg IV) was adminis- 
tered 10 min before either IP or diazoxide or nicorandil. 

Quantitation of Infarct Size 

Three weeks after the coronary reperfusion, the LAD 
was re-occluded and trypan blue dye (1.5%, 1ml, Sigma 
Chemical, Co, St Louis, MO, US) was injected into the 
ascending aorta to deUneate the risk and non-risk area in the 
hearts. The hearts were then excised and sliced into sections 
approximately I mm in width. Each slice was imaged by a 
color CCD camera (FV-10, Fuji, Japan), and the images 
were analyzed by image analyzing software (NIH image). 
The area unstained by the blue dye is the area at risk. The 
heart was fixed in 10% phosphate-buffered formalin, 
processed and embedded in paraplast. Transverse sections 
(4^m) were stained by the modified azan staining. The area 
of infarction was identified histologically and the infarct 



size expressed as a percentage of the area at risk. 

Pressure -Volume Relation 

According to the method of Pffefer et alj^ the in vitro LV 
pressure -volume curve was measured. In brief, the heart 
was arrested by an infusion of KCl and then quickly 
excised. A double-lumen catheter was inserted into the left 
ventricle, which was isolated by ligating the atrioventricu- 
lar groove. The right ventricle was incised to eliminate the 
compressive effect. The left ventricle was emptied by 
evacuation through the catheter with manual compression. 
Reproducible pressure -volume curves were generated 
over a pressure range of 10-30mmHg by infusing saline at 
a speed of 0.6ml/min. These procedures were performed 
within lOmin of cardiac arrest and before the onset of rigor 
mortis. The volume index (volume/body weight) of the 
respective LVP at 10, 20 and 30mmHg was assessed. 

Statistical Analysis 

All values are expressed as the mean±SE. Differences in 
hemodynamic parameters among the groups were analyzed 
by 2-way ANOVA. Fisher's test was used when a signifi- 
cant F value was obtained. Inter-group differences in area at 
risk, infarct size and left ventricular volumes of pressure - 
volume curves were analyzed by 1-way ANOVA followed 
by Fisher's test. Correlation between infarct size and the 
extent of LV remodeling was expressed as LV volume 
index (volume/body weight) at LVP of 20mmHg was 
assessed by linear regression analysis with comparison of 
the 2 regression parameters of slope and intercept. Differ- 
ences were considered significant at p<0.05. 

Results 

Hemodynamic Responses 

Hemodynamic data at 3 weeks after reperfusion are 
presented in Table 1. Heart rate, peak LVP, end-diastolic 
LVP, (+)dP/dt, and Tau were not significantly different 
among the groups. 

Infarct Size 

In the acute phase, 13% of animals died of technical 
problems such as pneumotharax and bleeding, but no death 
from heart failure occurred. In the chronic phase, no deaths 
occurred. Risk area was not statistically different among 
the groups (Fig2A). As shown in Fig2B, infarct size was 
significantly reduced by IP (16±1%, p<0.01 vs controls), 
compared with the controls (72±4%), and by both diazox- 
ide (40±4%, p<0.05 vs controls) and nicorandil (28±2%, 
p<0.01 vs controls). The effect of IP, diazoxide and nico- 
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HR, heart rate; LVP, left ventricular pressure; LVEDP, left ventricular end-diastolic pressure; (+)dP/dt, maximum rate of LVP 
generation; Time constant, time constant of the LVP ftill during isovolumic relaxation period. Other abbreviations are the same as 
in Figl. Values are mean±SE. N=6, each. 
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Fig 2. (A) The risk area was identical in all groups. (B) Infarct size 
was reduced by IP, D, and N compared with C. The effect of IP, D 
and N was abolished by 5-HD. *p<0.05 vs C, **p<0.01 vs C, §p<0.05 
vs IP. +p<0.05 vs D, *p<0.05 vs N. All abbreviations as m Fig L 

randil on infarct size was inhibited by 5-HD (61±2% 
p<0.05 vs IP, 72±3% p<0.05 vs diazoxide, 60±2% p<0.05 

vs nicorandil). 

In Vitro LV Pressure- Volume Relation 

The in vitro LV pressure-volume curve shifted left with 
IP compared witfi the controls (Fig 3). With diazoxide or 
nicorandil, the pressure -volume curve also significantly 
shifted left compared with the controls. Indeed, the left 
shift of the LV pressure -volume curve by IP, diazoxide or 
nicorandil was abolished by 5-HD. 

Correlation Between the Infarct Size and LV Remodeling 

Linear regression analysis revealed a good correlation 
between the infarct size (% of area at risk) and the extent 
of LV remodeling expressed as the LV volume index 
(volume/body weight) at a LVP of 20mmHg. The slope of 
the correlation was 0.014 (r=0.78, p<0.001) (Fig4). 

Discussion 

One of the major findings of the present study is that IP 
attenuates LV remodeling concomitant with a reduction in 
infarct size in the chronic stage. Although the reduction of 
infarct size by IP has been demonstrated in the acute phase 
(ie, 4-6 h after the reperfusion determined by TTC stain- 
ing)2,i8-23 it has not been clear whether IP attenuates LV 
remodeling. Our study is the first to demonstrate that LV 
remodeling was attenuated by IP according to the reduction 
of the size of the histologically determined infarct Cohen et 
al showed an improvement in the function of the ischemic 
myocardium 24 h after reperfusion in a rabbit model of 
ischemia- reperfusion?* However, they focused only on the 
ischemic area, and the change in the remote area was not 
determined. Our study clearly showed that using pressure- 
volume relation the whole LV chamber remodeling was 
estimated. 
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Fig 3. The left ventricular pressure- volume curve was significantly 
shifted leftward by IP, D, and N compared with C. The shift in the 
curve caused by IP, D and N was abolished by 5HD (n=6 each). Data 
are shown as mean±SE. *p<0.05 vs C, §p<0.05 vs IP, ^p<0.05 vs 
5HD+D, *p<0.05 vs the 5HD+N. All abbreviations as in Fig 1. 
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Fig 4. Linear regression analysis revealed a good correlation between 
the infarct size (% of area at risk) and the extent of remodeling 
expressed as LV volume (ml/kg) at LV pressure of 20nMnHg. The 
slope of the correlation is 0.014 (r=0.78, p<0,001). All abbreviations 
as in Fig 1. 



The infarct size determined by TTC staining correlates 
with the histologically determined infarct in the permanent 
coronary occlusion model?^ However, in the ischemia - 
reperfusion model, the infarct size in the chronic stage may 
be influenced by the perfusion conditions; the no-reflow 
phenomenon increases the infarct size in the chronic stage 
in large animals and humans?^28 ^nd Shimizu et al demon- 
strated that no-reflow occurs in the isolated rat heart?^ 
Furthermore, no-reflow is demonstrated in the skeletal 
muscle in rat and that is attenuated by IP?'^So, the effect of 
IP or drugs on infarct size may differ between the acute and 
chronic stages. The infarct size may be determined within 
6h of reperfusion, but it should be taken into consideration 
that the infarct size determined by TTC after 6 h of reperfu- 
sion was smaller than that determined histologically at 3 
weeks in the control group (60±2% vs 72±4%), and in the 
IP group the size of the infarct at 3 weeks was smaller than 
that after 6h of reperfusion (16±1% vs 26±2%)P This 
suggests that infarct size may be influenced by the reflow 
conditions. 

It has been shown that attenuation of LV remodeling is 
a major determinant of survival after acute myocardial 
infarction although its underlying mechanism is not well 
understoodJ3.32 pffefer et al showed that captopril attenu- 
ated LV dilatation after myocardial infarction in a perma- 
nent coronary occlusion model?3'34 jn their study, infarct 
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size was identical in the control and captopril groups, so 
extension of the non-ischemic myocardium was inhibited 
by captopril In the present study, the infarct size was 
diminished by IP, thus the reduction in infarct size strongly 
influenced the extent of LV remodeling. Fig4 shows the 
correlation between the extent of LV remodeling, which 
was expressed as the LV volume index of LVP at 20mniHg, 
and the infarct size. Because we used IP and Katp openers 
to reduce infarct size, we cannot totally exclude that possi- 
bility that it is not only the infarct size-LV volume index 
relationship shown in Fig 4. However, IP and injection of 
Katp openers were performed only once before sustained 
ischemia and it has been shown that the topography of 
myocardial salvage does not differ between earlier reperfu- 
sion, IP and Katp openers. Therefore, it is likely that the 
relationship in Fig 4 is applicable to infarct size limitation 
by the earlier reperfusion. Nevertheless, a good correlation 
between the infarct size and LV volume index indicates 
that the infarct size is the most important determinant of 
LV remodeling in the ischemic-reperfused heart. 

In the present study, the hemodynamic measurement at 3 
weeks after reperfusion demonstrated that the LV end dias- 
tolic pressure was not elevated in all groups, in spite of the 
difference in infarct size. This result indicates that the 
compensation of the LV to the loss of myocardium was 
fully exerted. The LV remodeling may be a compensated 
process in this model and the lesser remodeling indicates 
attenuation of myocardial damage. It is important to con- 
sider where the myocardium is remodeled. In the ischemic- 
reperfused model, there are 3 types of LV myocardium: the 
non-ischemic, ischemic but viable, and infarcted regions. 
As has been shown, the infarcted region becomes a scar 
and usually shrink in 3 weeks. Thus, it is the ischemic but 
viable myocardium and the non-ischemic myocardium that 
play an important role in the remodeling, but how much 
each region affects the remodeling process could not be 
determined from the data in the present study. This should 
be further investigated. 

The second of the major findings is that the mito-KATP 
channel openers, diazoxide and nicorandil, can mimic the 
effect of IP in terms of ventricular remodeUng as well as 
reduction of infarct size. Because the selective blockade of 
the mito-KATP channels by 5-HD abolished the effect of 
diazoxide and nicorandil on both infarct size and LV remod- 
eling, the opening of the mito-KATP channels is a crucial 
mechanism in the reduction of infarct size and attenuation 
of LV remodeling. The major mechanism of these drugs is 
the reduction in infarct size as demonstrated by the correla- 
tion in Fig 4. 

Diazoxide has more effect on the mito-KATP chaimels 
than the sarcolemmal Katp channels?^ and it also acts 
strongly on the arterial smooth muscle Katp channels, 
which dilate the arterioles and cause systemic hypoten- 
tion?^ Recent evidence shows that the vascular smooth 
muscle Katp channels are composed of Kir 6.1 or 6.2 with 
SUR2B subunits and that the cardiomyocyte sarcolemmal 
Katp channels consist of Kir 6.2 with SUR2A subunits?''»38 
Diazoxide is a potent K-*- channel-opening drug for con- 
structed SUR1/Kir6.2 and SUR2B/Kir6,2 channels, but 
not for the SUR2A/Kir 6.2 channel?^ The dose of diazoxide 
we used was almost the maximum that could be used in an 
in vivo study. 

Nicorandil acts on both sarcolemmal and mito-KATP 
channelsfo and also has a nitrate effect?^ The effect of 
diazoxide was completely blocked by 5-HD, but its effect 
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on nicorandil was not complete, as shown by Fig 4. This 
may be attributed to its combined effect, although it was 
small in the present study. However, Sanada et al showed 
that in a dog model, the sarcolemmal and mito-KATP chan- 
nels were equally important in reducing infarct size)^ The 
species difference should be noted and we should be 
careful in extrapolating the data to humans. Recently it has 
been shown that nitric oxide accelerates the mito-KATP 
channel openingf ^ and it may be the nitric oxide effect of 
nicorandil that accelerates the mito-KATP channel opening. 
It remains to be determined how important this effect of 
nicorandil is on the opening of mito-KATP channels. 

We conclude that chronic LV remodeling after an 
ischemia- reperfusion insult was suppressed by IP and by 
mito-KATP channel openers, with a concomitant reduction 
of the size of the histologically determined infarct after 3 
weeks of reperfusion. 
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Cardiac Troponin T is a Sensitive, Specific 
Biomarker of Cardiac Injury in Laboratory Animals 



Peter J. O'Brien,'* Gregory W. Dameron,' Maiy Lee Beck,' Y. James Kang,^ 
B. Kipp Erickson,^ Tana H. Di Battista,' Kim E. MUler,^ Keith N. Jackson/ and Scott Mittelstadt* 

Abstract | A reliable serum assay that can discriminate between cardiac and skeletal muscle injury is not 
available for diagnostic use in laboratory animals. We tested and supported the hypotheses that serum car- 
diac troponin T (cTnT) was widely applicable in laboratory animals as a biomarker of cardiac injury arising 
from various causes; that it increased in proportion to severity of cardiac injury; and that it was more 
cardiospecific than creatine kinase (CK) or lactate dehydrogenase (LD) isozyme activities. In canine and rat 
models of myocardial infarction, cTnT concentration increased 1,000* to 10,000-fold and was highly corre- 
lated with infarct size within 3 h of injury. Serum CK and LD isozymes were substantially less effective 
biomarkers and, in contrast to cTnT, were ineffective markers in the presence of moderate skeletal muscle 
injury, with resulting serum CK activity >5,000 U/L. Using these animal models, and mouse and ferret models, 
we also showed cTnT to be an effective biomarker in doxorubicin cardiotoxicosis, traumatic injury, ischemia, 
and cardiac puncture. Reference range serum concentrations for all species were at the detection limit of the 
assay, except those for mice, in which they were slightly increased, possibly because mice were used to gener- 
ate assay monoclonal antibodies. We conclude that cTnT is a powerful biomarker in laboratory animals for 
the sensitive and specific detection of cardiac injury arising from various causes. 



To the authors' knowledge, there is no serum assay that 
can discriminate between cardiac and skeletal muscle in- 
jury in laboratory animals. Electrophoretlc tests for 
isozymes of creatine kinase (CK) and lactate dehydroge- 
nase (LD) have been used effectively for detection of myo- 
cardial infarction in people. However, their use in labora- 
tory animals for detection of cardiac injury is complicated 
by several factors. These tests are recognized as having 
restricted specificity and sensitivity for medical use in de- 
tection of cardiac injury (1). 

Blood tests for cardiac injury that are based on electro- 
phoretic determination of serum CK or LD isozyme activ- 
ity may yield false-negative results in some species more 
frequently than when these tests are used in people. For 
example, in swine, rabbits, and horses, activity of the myo- 
cardial CK isozyme is undetectable or low (2—4). Also, com- 
plication of cardiac injury by skeletal muscle injury is more 
likely in animals than in people. Mild or moderate muscle 
injury frequently occurs with exertion, bruising, or stress 
during animal handling, especially in wild or laboratory 
animals. This may cause increased release of skeletal 
muscle CK and LD isozymes that obscure detection of in- 
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creased activity of cardiac isozymes (CK-MB, LD-1, LD-2) 
(4). Furthermore, in some species with high serum albu- 
min concentration (e.g., rats), serum CK-MB activity may 
be obscured by co-migration of albumin fluorescence (5). 
Finally, similar to that in people, the relatively slow re- 
lease of LD (1 to 2 days) and rapid clearance of CK (1 to 3 
days) from the blood restricts the time interval after in- 
jury during which these biomarkers may be useful (6). 

False-positive test results for cardiac injury, based on 
electrophoretic determination of serum CK or LD Isozyme 
activity, also may be obtained because these isozymes are 
not found exclusively in the heart. Slow-twitch or endur- 
ance-trained skeletal muscle fibers contain higher content 
of cardiac isozymes of CK and LD than do fast-twitch or 
untrained muscle fibers (7). In contrast to human beings, 
hepatic LD-1 and LD-2 activities are high in cattle, horses, 
and swine. Consequently, hepatocellular injury causes a 
false-positive LD isozyme test result for cardiac injury in 
these species (4, 6). Furthermore, platelet or erythrocyte 
lysis releases CK and LD. which may be of the cardiac type 
in some species (8. 9). 

Recently, assays have been developed for the specific and 
sensitive detection of myocardial infarction in people (1, 
10). Most of these assays are based on immunologic detec- 
tion of a protein, such as cardiac troponin T (cTnT), gene 
expression of which is restricted to striated muscle, princi- 
pally cardiac muscle. Compared with LD, this protein is 
released relatively rapidly into the blood, and compared 
with LD and CK, it is more persistent in the blood (1, 10). 

Troponin T is a myofibrillar protein that is important In 
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regulating striated muscle contraction. Its structure has 
been highly conserved across phyla (11)- The cTnT immu- 
noassay used for detection of myocardial injury in people 
detects blood activity in various species of animals after 
various types of cardiac injury: in rats after toxic (12), is- 
chemic (13), and immunologic (14) injury to myocardium; 
in mice with myocarditis (15); in dogs after ischemic myo- 
cardial Injury (16); and in broiler chicks with cardiomy- 
opathy and ascites (17). It was also recently documented, 
by use of this Immunoassay, that cTnT is found in high 
concentration in canine myocardium and is more easily 
measurable thein CK-MB (18). 

Although the cTnT immunoassay may be a candidate 
blood test for the reliable and universal discrimination be- 
tween cardiac and muscle injury in veterinary clinical pa- 
thology, its tissue specificity has been recently questioned. 
Unexplained apparent increases in cardiac cTnT concen- 
tration have been associated with skeletal muscle Injury 
or disease, multi-organ disease, and uremia (1). Recently 
it has been documented that the cardiac cTnT immunoas- 
say detects activity in skeletal muscle, although at only a 
hundredth of the activity found in cardiac muscle (19). 

The study reported here was undertaken to further evalu- 
ate cTnT as a blomarker of cardiac injury in laboratory 
animals. Specifically, we tested the hypotheses that serum 
cTnT: was applicable in laboratory animals (rats, dogs, 
mice, and ferrets) as a blomarker of cardiac injury arising 
from various causes (ischemla/reperfusion, doxorubicin 
administration, trauma, cardiac puncture); increased in 
proportion to the severity of cardiac injury; and wgis more 
cardiospecific and sensitive than CK or LD isozymes. 

Materials and Methods 

Animal models: Experimental procedures followed the 
guidelines of the Guide for the Care and Use of Laboratory 
Animals (Nationsd Institutes of Health) and were approved 
by the Institutional Animal Care and Use Committees. 
Blood samples used in this study were collected from ani- 
mals being used for other investigative studies. 

Purpose-bred, mixed-breed dogs (Butler Farms, Clyde, 
N.Y. [experiment 1] and Hazelton, Cumberland, Va. [ex- 
periment 2]) weighing 14 to 22 kg were used in two studies 
of myocardial ischemla/reperfusion (IR) injury after accli- 
mation for at least 7 days. In the first experiment, we as- 
sessed the timing and amount of release of cTnT and CK- 
MB, compared with severity of cardiac injury. In a second 
experiment, dogs were allowed to recover after anesthesia 
and surgery, and we assessed cTnT, CK-MB, and LH-1 euid 
LH-2 as indicators of cardiac injury in the presence of skel- 
etal muscle injury associated with surgery and recovery 
from anesthesia. 

To determine whether cTnT was a good indicator of car- 
diac injury in other species, we used a similar model of IR 
injury in the rat. To demonstrate that toxic injury could 
also be detected by cTnT, we Induced doxorubicin 
cardiotoxicosis in mice. To determine whether route of col- 
lection affected cTnT, we used cardiac puncture under an- 
esthesia in ferrets. 

Ischemla/reperfusion injury in dogs. Experiment I: 



After an overnight nonfeedlng period, nine dogs were anes- 
thetized with dlalurethane (approximately 0.6 ml/kg of body 
weight intravenously [i.v.]), intubated, and ventilated with 
100% oxygen. Anesthesia depth; hemodynamic, electrocar- 
diographic, blood gas, and serum electrolyte variables; and 
rectal temperature were monitored. Ringer's solution was 
administered i.v. at the rate of 3 ml/kg/h. Body tempera- 
ture was maintained with a heating pad. 

After left thoracotomy and insertion of a transducer- 
tipped catheter through a stab wound in the apex of the 
heart, a segment of the left cranial descending coronary 
artery (LCD) was dissected free of surrounding tissue, and 
a silk (1-0) ligature was placed under the LCD. Segment 
shortening in the region perfused by the LCD was assessed 
by use of a set of piezoelectric crystals inserted 4 to 6 mm 
into the myocardium. 

After a stabilization period, the LCD was occluded for 
90 min with a vascular clamp. Arterial blood samples were 
collected 1 min before and 60, 90, 150, 210, 270, and 360 
min after occlusion into 0.1 volumes of 3.8% trisodium cit- 
rate and centrlfuged at 1,000 X g for 10 min. Plasma was 
stored at -20**C until assayed for CK activity cTnT concen- 
tration. 

Myocardial infarct size was then determined, using 2,3,5- 
trlphenyl-tetrzizolium chloride (TTC) and Evans blue stains 
(Sigma Chemical Co., St. Louis, Mo.). At the end of the ex- 
periment, Evans blue dye was injected into the right atrium 
while saline was perfused at a pressure of 100 mm Hg 
through a cannula placed into the LCD at the site of the 
original occlusion. The nonischemic area of the heart was 
stained blue; the area at risk remained unstained because 
of the infusion of saline. Dogs were then euthanized by 
administration of a barbiturate overdose, the heart was 
removed, and the left ventricle was serially sectioned from 
apex to base. The unstained and blue-stained areas were 
separated and incubated In phosphate buffer containing 
triphenyl-tetrazolium. Nonischemic myocardium stained 
red (due to the presence of dehydrogenase enzymes In vi- 
able tissue); ischemic myocardium remained unstained. 
Ischemic and nonischemic areas were separated and 
weighed. The weight of the ischemic area was used as an 
estimate of myocardial infarct size. 

Experiment 2: For the second experiment on IR injury, 
five dogs were anesthetized and monitored as described 
previously. Myocardial ischemia was induced for 90 min, 
similar to conditions in experiment 1 . Up to six electrodes 
were sutured into the heart for electrocardiographic stud- 
ies. A permanent critical stenosis was also induced in the 
LCD, using suture and an 18- to 20-gauge needle, which 
was removed after suture placement. Incisions were closed, 
and the lungs were overinflated to evacuate pneumotho- 
rax through a tube, which was then removed. Blood samples 
were obtained 24 h after LCD occlusion and were compared 
with those obtained during the acclimation period. 

Ischemla/reperfusion injury in rats: Five fed Sprague 
Dawley rats (Taconlc Feirms, Germantown, N.Y.) were anes- 
thetized with urethane (1 .25 g/kg, given intraperitoneally) 
and were ventilated with room air through a tracheotomy 
Incision. Anesthesia depth, blood pressure, electrocardio- 
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graphic variables, and rectal temperature were monitored. 
Body temperature was maintained at 37**C with electric 
heating pads. 

After left thoracotomy the heart was exposed* and a silk 
ligature (6-0), within a short length of polyethylene tub- 
ing, was placed around the LCD, The LCD was then oc- 
cluded for 90 min by clamping the tubing against the heart 
surface, using 25-mm Schwartz forceps. At 45 min after 
initiation of ischemia, and 10, 70, 130, 190, and 270 min 
after occlusion, arterial blood samples were collected into 
serum separator tubes. Serum was stored at -20°C until 
assayed for CK activity and cTnT concentration. 

At the end of the experiment, the portion of the left ven- 
tricle affected by LCD occlusion and at risk for Ischemia 
was identified by the permanent re-occlusion of the LCD 
and the administration of a 10 mg/ml solution of Evans 
blue stain via the jugular cannula. The stained heart was 
rapidly excised, homogenized, and assayed for CK activity. 
Myocardial infarct size Is known to be Inversely correlated 
with myocardial CK activity (20, 21). 

Doxorubicin-induced cardiotoxicosis in mice: Four 
male and four female mice (Cheurles River, Kingston, N.Y.) , 
aged 7 weeks, were given 10 mg of doxorubic in/kg daily by 
single intraperitoneal injection. After 5 days of treatment 
mice were euthanized, and blood was collected from the 
abdominal aorta. This dosage of doxorubicin has been docu- 
mented (22, 23) to induce marked degenerative 
cardiomyopathic changes. Three healthy mice were used 
as controls. Because of the low blood yield (50 to 250 |Jil), 
samples were pooled for each group. Serum was prepared 
and analyzed for cTnT concentration. 

Cardiac puncture in ferrets: Seven male fitch ferrets 
(Triple F Farms, Sayre. Pa.) were anesthetized with 
ketamine for approximately 45 min, then approximately 1 
ml of blood was collected by cardiac puncture immediately 
after induction of anesthesia and after 45 min of anesthe- 
sia. After blood collection, ferrets were euthanized by bar- 
biturate overdose. Serum was prepared and analyzed for 
cTnT concentration. 

Troponin T determination: Concentration of cTnT was 
determined, using the first commercially available (first- 
generation) enzyme-linked immunoassay (Elisa Troponin- 
T; Boehringer Mannheim Corp., Indianapolis, Ind.) (24), 
in all studies except the study in which serum cTnT con- 
centration was determined in dogs 24 h after IR injury. 
For the latter, the currently marketed version (second-gen- 
eration) of this immunoassay (Cardiac T Troponin T; 
Boehringer Mannheim Corp.) (25) was used. Compared 
with the first-generation assay, the second-generation £is- 
say has approximately 10-fold greater speciftcity for car- 
diac cTnT, but yields a similar standard curve (19, 24, 25). 
This difference has been attributed mainly to replacement 
of the polyclonal cTnT antibody (IB- 10) used in the first- 
generation assay by a monoclonal antibody (M-7) in the 
second-generation assay (24, 25). Both assays use mouse 
monocloned antibodies (Ml 1-7) against human cTnT to la- 
bel the captured cTnT. Both assays also use cTnT stan- 
dards purified from bovine hearts. 

All tests were done with an automated immunoanalyzer 



(ES300AL; Boehringer Mannheim Corp.). Absorbance at 
420 nm was determined and compared with that for stan- 
dards supplied by the manufacturer (Boehringer Mannheim 
Corp.) and containing bovine cTnT (0, 1.2, 2.9, 5.5, 10.6, 
and 15.8 ng/ml for the first-generation assay and 0, 0.4, 
1.2, 5.45, and 16.6 ng/ml for the second-generation assay). 
The measuring range was approxinnately 0 to 17 ng/ml, with 
0.04 ng/ml being the lower detection limit. Analytical coef- 
ficients of variation were <3%. 

In addition to the aforementioned determinations, mean 
values for serum cTnT and isozymes of CK and LD were 
obtained from 10 healthy and untreated dogs of mixed breed 
and the same size as the experimental dogs, and 1 2 healthy, 
untreated Sprague Dawley rats. 

Extended cTnT standard curve: For most serum 

samples, concentrations of cTnT were determined by the 
automated analyzer using standards provided by the manu- 
facturer the assay kits. However, for several samples, ab- 
sorbance was outside the range of these standards, and 
there was insufficient sample volume to dilute them and 
repeat the analysis. To extend the standard curve for de- 
termination of the cTnT concentration of these samples, 
diluted homogenates of myocardium were included as ad- 
ditional standards. 

Before using these myocardial specimens as additional 
standards, their cTnT concentration was first determined. 
Because our studies indicated that myocardial cTnT con- 
centration was similar among mammals, we used myocar- 
dium from different species (two rats, two pigs, one goat) 
that were conveniently available. Approximately 500 mg 
of myocardium was placed in four volumes (approximately 
2 ml) of IM KCl, 10 mM imidazole, and 0.5 mM 
dlthlothreltol, then was homogenized on ice for three in- 
tervals of 10 sec separated by 30-sec rest periods, using a 
tissue homogenizer (Tissumizer; Tekmar Co., Cincinnati, 
Ohio) set at full speed. Homogenates were diluted 100,000- 
fold (volume of diluted homogenate/weight of myocardium 
used for homogenization) with cTnT-free human serum 
(Diluent Troponin-T; Boehringer Mannheim Corp.), and 
their cTnT concentration was determined from the absor- 
bance and the curve for standards supplied by the manu- 
facturer. 

Four standards of known cTnT concentration were pre- 
pared by specific serial dilutions (1,000-, 10,000-, 100,000-, 
and 100,000-fold) of the myocardium for which the cTnT 
concentration was determined. Using the standards sup- 
plied by the manufacturer and those that we had prepared, 
the extended standard curve was then generated from the 
known cTnT concentrations and their measured absor- 
bances. To prevent any cross-contamination due to carry- 
over, each series of diluted homogenates was assayed, start- 
ing with the most diluted and progressing to the most con- 
centrated. Furthermore, each of the five tissue specimens 
was analyzed on a separate day and after thorough clean- 
ing of the sampling pipette of the immunoanalyzer. 

Determination of LD and CK activities: Total CK 
activity for experiment 2 of the canine studies and total 
LD activity were determined at 37*'C, using an automated 
chemistry analyzer and the accompanying reagent system 
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(Hitachi 717 Automated Chemistry Analyzer; Boehringer 
Mannheim Corp.). Total CK activity for the remainder of 
the studies was determined at 37*C by a manual proce- 
dure, using a commercially available assay kit (Sigma 
Chemical Co.). For estimation of the severity of infarction 
in rats, myocardial specimens were homogenized in 4 ml of 
250 mM sucrose, 1 mM EDTA, and 10 mM P- 
mercaptoethanol prior to analysis. Both CK assays use a 
coupled enzyme method based on that of Oliver (26) and 
Rosalki (27). Total LD activity was estimated from the in- 
crease in absorbance at 340 nm resulting from the conver- 
sion of lactate to pyruvate and reduction of NAD* to NADH 
(28). 

Iso^mes of CK and LD were separated, using agarose 
gel electrophoresis (75 jtl. 0 mA. 1.000 V. 10*C, 5 min for 
LD: 75 0 mA. 1 ,200 V, 13*C. and 2.3 min for CK) and an 
automated analyzer (Helena Rapid Electrophoresis Ana- 
lyzer and Electrophoresis Data Center; Helena Laborato- 
ries, Beaumont, Tex.) with the accompanying reagent sys- 
tem (REP LD-30 and REP CK-MM6 Isoenzyme Procedures; 
Helena Laboratories). Activities were visualized, using 
enzymatic reactions similar to those used to determine to- 
tal CK and LD activities, at 45"C for 10 and 4.5 min. re- 
spectively, then were measured by fluorescence densitom- 
etry. Absolute isozyme activities were calculated from the 
total enzyme activity and the proportion of total staining 
attributable to each isozyme. 

Statistical analysis: Statistical computations and fig- 
ures were made with commercially available software 
(Graphpad Prism and Instat; Institute for Scientific Infor- 
mation, Philadelphia, Pa.). Values are reported as mean ± 
SEM. Mean cardiac cTnT concentrations for the various 
groups were compared by use of the Student's t test 
(nonpaired, two-sided) , except when variances differed be- 
tween groups, in which case Welch's alternate t test was 
used. When distribution of values was considered 
nonOaussian and skewed because they were near zero and 
outside the accurately measurable range, such as the pre- 
IR values for cTnT and postischemia values for CK-MB and 
CK-BB, groups were compared by the Mann-Whitney 
(nonpaired, two-sided, nonparametrlc) test. Linear regres- 
sion analysis was performed by use of the least squares 
method to test for correlation between parameters. Non- 
linear regression analysis, using a hyperbolic curve, was 
performed to define the relationship between cTnT concen- 
tration and absorbance for the extended standard curve, 
and between biomarker concentrations and time of 
reperfusion. Differences in biomarker concentrations over 
time were also compared by one-way analysis of variance 
(ANOVA), and when the F statistic indicated between-group 
differences, by a Student-Newman-Keuls post-hoc analy- 
sis. When the variances of means compared by ANOVA were 
unequal according to Bartlett s test, data were logarithmi- 
cally transformed before analysis. Differences were con- 
sidered statistically significant at P< 0.05, 

Results 

Extended cTnT standard curve: Absorbance from 0 
to approximately 3 was linearly related to cTnT concentra- 



tion between 0 and approximately 15 ng/ml {I^ = 0.99; P< 
0.0001). The cTnT concentration for all but six serum 
samples, for which there was insufficient volume to dilute, 
was determined within this absorbance range: three dog 
serum samples yielded absorbances of 3.02, 3.23, and 3.89, 
and three ferret samples yielded absorbances of5.43,6.11, 
and 7.82. Using this linear relationship and concentration 
range and the first-generation assay, mean SEM cTnT con- 
centration in myocardium of mammals (two rat, two pig, 
one goat) was determined from 100,000-fold diluted 
homogenates to be 465 ± 20 mg/g wet weight. Using mam- 
malian myocardium as a source of standards with high 
cTnT concentration, the standard curve was extended to 
500 ng/ml. The relationship between absorbance and con- 
centration was shown to be hyperbolic (/? = 1.00), with 
maximal absorbance of 9.7 and half-maximal absorbance 
at 32.6 ng of cTnT/ml. 

Ischemia/reperfusion in the dog: Compared with 

healthy, unoperated dogs, serum cTnT concentration was 
significantly increased by the anesthetic, surgical, and in- 
strumentation procedures used in preparation of dogs for 
occlusion of the LCD: 0.62 ±0.13 ng/ml at 1 min prior to 
occlusion versus 0,01 ± 0,00 ng/ml. However, 60 and 90 
min of ischemia did not induce any further increase in se- 
rum cTnT values: 0.44 ±0.10 and 0.42 ± 0.09 ng/ml. re- 
spectively. 

Because tissue irijury and increases in serum biomarkers 
were minimal, values for one dog were excluded from the 
analysis of the time course of postinfarction increase in 
serum biomarkers. Compared with values for the other 
eight dogs, the myocardial infarct in this dog was 0.31 g 
(versus 2.00 to 18.72 g), and after 4.5 h of reperfusion, se- 
rum cTnT concentration was only 0.28 ng/ml (versus >2 
ng/ml) and serum total CK activity was only 360 U/L (ver- 
sus 600 to 3,500 U/L). 

There was a significant trend for serum cTnT concentra- 
tion to increase with time of reperfusion. Compared with 
serum cTnT values at the beginning of reperfUsion in the 
eight dogs with appreciable infarcts, there was a 10- to 30- 
fold increase in serum cTnT concentration at all time points 
studied after reperfusion. During the first 3 h, cTnT val- 
ues increased at a rate of approximately 3 ng/ml/h, and 
continued to increase by 1.5 ng/ml in the fourth h of 
reperfusion (Figure 1). Data fit a hyperbola {F^ - 1.00) in- 
dicating that serum cTnT concentration would be maxi- 
mal at 53 ng/ml and would be half-maximal at 12 h. 

There was a significant trend for serum total CK activ- 
ity to increase with time of reperfusion. Compared with 
serum total CK values at the beginning of reperfusion in 
the eight dogs with appreciable infarcts, there was a 3- to 
9-fold increase in serum total CK activity at all time points 
after reperfusion. During the first 3 h, serum CK activity 
increased in similar manner as did cTnT concentration, 
but with less regularity and lesser amount. Serum CK ac- 
tivity increased 2- to 4-fold, by 400 to 900 U/L/h for the 
first 3 h, then remained constant during the fourth h. Data 
flt a hyperbola (i? = 1.00) indicating that serum total CK 
activity would be maximal at 3,600 U/L, and was half-maxi- 
mal at 2.5 h. 
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Figure 1. Relationships of serum values of cardiac troponin T (cTnT) and creatine kinase (CK) to the timing and severity of myocardial 
infarction in dogs. Mean (± SEM) values were determined during the first 4.5 h of reperfusion after coronary artery occlusion. In the 
upper graphs, serum values of cTnT and CK are plotted against duration of reperfusion. Values different from those at the beginning of 
reperfusion C^), and after 1 h of reperfusion (#), are indicated. In the middle graphs, maximal serum cTnT concentration and CK activity 
are plotted against infarct size; the linear regression line and its 95% confidence interval are shown. In the left lower graph, plots of the 
correlation (coefficient, /) of serum cTnT concentration and CK activity with infarct size against duration of reperfusion are shown to fit 
a hyperbolic curve. In the right lower graph, serum cTnT concentration is plotted against serum CK activity; the linear regression line 
and its 95% confidence interval are shown. 



The inf€U*ct size was highly correlated with the maximal 
increase in serum CK activity (r = 0.78; P< 0.01) and espe- 
cially for cTnT concentration (r = 0.98; P< 0.0001); 96 and 
60% of the variation In serum cTnT and CK, respectively, 
could be attributed to Infarct size (Figure 1). The degree of 
correlation of serum cTnT with infarct size progressively 
and hyperbolically incresised over time of reperfusion, ex- 
ceeding 0.9 by 3 h and peaking at approximately 4.5 h. 



Correlation of serum CK activity with infarct size was less 
regular, but also increased over time. Serum cTnT concen- 
tration and CK activity were highly correlated (r= 0.95; P 
= 0.01) during reperfusion, with 6.0 ±1.2 ng of cTnT re- 
leased per U of CK. 

In the second experiment, in which dogs were subjected 
to IR then allowed to recover for 24 h, the effects of IR on 
serum enzyme activities were variable. Individual values 
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Table 1. Serum lactate dehydrogenase (LD), creatine kinase (CK). and 
cardiac troponin T (cTnT) values before and after myocardial injury induced by ischemia/reperfusion (IR) 



Serum biomarker 


Dogl 


Dog 2 


Dog 3 


Dog 4 


Dog 5 


Mean 


SEM 


LD-1 














4.4 


Pre-IR (U/L) 


40.1 


19.9 


19.8 


27.0 


14.7 


24.3 


(%) 


17.9 


28.0 


27.8 


14.4 


27.2 


23.1 


2.9 


Po8t-IR (U/L) 


22.1 


139.3 


61.5 


28.2 


99.2 


70.1 


22.1 


(%) 


17.2 


51.0 


34.9 


22.4 


38.9 


32.9 


6.0 


LD-2 
















Pre-IR (U/L) 


17.3 


13.7 


11.4 


12.4 


0.6 


11.1 


2.8 


(%) 


7.7 


19.3 


16.0 


6.6 


1.2 


10.2 


3.3 


Post-IR (U/L) 


22.5 


68.7 


42.8 


23.6 


66.7 


44.9 


10.0* 


(%) 


17.5 


25.2 


24.3 


18.7 


26.2 


22.4 


1.8* 


LD-(1 + 2) 














6.8 


Pre-IR (U/L) 

(%) 


57.4 


33.6 


31.2 


39.4 


15,3 


35.4 


25.6 


47.3 


43.8 


21.0 


28.4 


33.2 


5.2 


Post-IR (U/L) 


44.6 


208.0 


104.3 


51.8 


165.9 


114.9 


31.9* 


(%) 


34.7 


76.2 


59.2 


41.1 


65.1 


55.3 


7,7* 


LD-3 














4.5 




29.1 


14.8 


8.4 


24.9 


5.8 


16.6 


(%) 


isio 


20!8 


1L9 


13.3 


10.7 


13.9 


1.8 


Post-IR (U/L) 


25.7 


27.9 


37.3 


25.1 


34.3 


30.1 


2.4* 


(%) 


20.1 


10.2 


21.2 


19.9 


13.4 


17.0 


2.2 


LD-4 
















Pre-IR (U/L) 
(%) 


35.7 


7.2 


7.0 


33.5 


17.0 


20.1 


6.2 


15.9 


10.1 


9.8 


17.8 


31,4 


17.0 


2.2 


Post-IR (U/L) 


18.2 


10.3 


13.2 


15.7 


18.1 


15.1 


1.5 


(%) 


14.2 


3.8 


7.5 


12.5 


7.1 


9.0 


1.9 


LD-5 
















Pre-IR (U/L) 


101.7 


15.4 


24.5 


90.1 


16.0 


49.5 


19.1 


(%) 


45.4 


21.7 


34.5 


47.9 


29.6 


35.8 


4.9 


Post-IR (U/L) 


39.6 


26.7 


21.2 


33.3 


36.7 


31.5 


3.4 


(%) 


31.0 


9.8 


12.0 


26.4 


14.4 


18.7 


4.2* 


LD-Total 
















Pre-IR (U/L) 


224,0 


71.0 


71.0 


188.0 


54.0 


121.6 


35.1 


Post-IR (U/L) 


128.0 


273.0 


176.0 


126.0 


255.0 


191.6 


31,0 


CK-MM 
















Pre-IR (U/L) 


122.0 


145.0 


125.0 


154.0 


33.5 


115.9 


21.5 


(%) 


62.6 


81.9 


76.0 


67.2 


35.6 


64.7 


8.0 


Post-IR (U/L) 


5.230.0 


7.606.0 


5.866.0 


1.384.0 


9.570.0 


8.422.0 


1,550.0* 


(%) 


lOO.O 


98.0 


97.3 


100.0 


100.0 


99.1 


0.6* 










100.0 








CK-MB 
















Pre-IR (U/L) 


5.1 


7.9 


11.7 


5.2 


8.2 


7.6 


1.2 


(%) 


2.6 


4.4 


7.1 


2.3 


8.7 


5.0 


1.3 


Post-IR (U/L) 


0 


154.0 


164.0 


0 


0 


63.6 


39.0 


(%) 


0 


2.0 


2.7 


0 


0 


0.9 


0.6* 


CK-BB 
















Pre-IR (U/L) 


67.9 


24.2 


27.9 


69.8 


52.3 


48.4 


9.6 


(%) 


34.8 


13.7 


16.9 


30.5 


55,7 


30.3 


7.5 


Post-IR (U/L) 


0 


0 


0 


0 


0 


0 


0* 


(%) 


0 


0 


0 


0 


0 


0 


0* 


CK-Total 
















Pre-IR (U/L) 


195.0 


177.0 


165.0 


229.0 


94.0 


172.0 


22.3 


Post-IR (U/L) 


5.230.0 


7.760.0 


6.030.0 


1,384.0 


9.570.0 


8.486.0 


1,533.0* 


cTnT 
















Pre-IR (ng/ml) 


0.024 


0 


0 


0.009 


0.016 


0.010 


0.005 


Post-IR (ng/ml) 


2.62 


14.81 


3.003 


0.406 


27.41 


9.65 


5.10* 



'Significantly different from corresponding pre-IR value. 



are, therefore, reported for each dog in addition to mean 
values for all dogs (Table 1). Compared with pre-IR values, 
recovered dogs had 1,000-fold increased serum cTnT con- 
centration, and 49-fold increased serum total CK activity, 
but no detectable change in serum total LD activity. The 
increased total CK activity was attributable to increased 
CK-MM isozyme activity, which was so large that it pre- 
vented detection of CK-MB and CK-BB activities. In con- 
trast to total CK, total LD activity was not increased in 
recovered dogs, although absolute and relative activities 
of the cardiac LD Isozymes were increased approximately 
3- and 2-fold, respectively. These latter increases caused a 



decrease in the relative activity of skeletal muscle LD 
isozyme, the absolute activity of which was not changed 
after IR and recovery. 

Serum cTnT concentration in the dogs recovered from 
the IR treatment was highly correlated (i? = 0,96; P= 0.004) 
with the activity of cardiac isozymes of LD (LD-l and LD- 
2), but was unrelated to activity of the skeletal muscle 
isozymes of CK (CK-MM; = 0.00; P= 0.96) and LD (LD- 
5, which remained constant). 

In the rats subjected to IR, the increases in serum cTnT 
concentration were variable, similar to values in dogs of 
the second IR experiment. Individual values are, therefore, 
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Figure 2. Relationship of serum values of cTnT to the timing and 
severity of myocardial infarction in rats. Activities were deter- 
mined during the first 4.5 h of reperfusion after coronary artery 
occlusion. In the upper graph, serum cTnT concentration is plot- 
ted against duration of reperfusion for each of five rats. In the 
middle graph, serum cTnT concentration is plotted against sever- 
ity of injury, as indicated by the myocardial content of CK; the 
linear regression line and its 95% confidence interval are shown. 
In the lower graph, mean (± SEM) serum cTnT concentration is 
shown for rats prior to ischemia, after 45 min of ischemia, and 
after 10 and 130 min of postischemia reperfusion. 



reported for each rat in addition to mean values for all rats 
(Figure 2). Serum cTnT concentration was 0.01 ± 0.00 ng/ 
ml in 12 untreated rats, 50-fold higher after preparing the 
rats for clamping of the LCD, 200-fold by 45 min of ischemia, 
3,000-fold after 10 min of reperfusion, and 10,000-fold by 
130 min of reperfusion (Figure 2). In each instance, the 
data describing the time course of the increase in serum 
cTnT concentration during the observed postreperfusion 
time fit a hyperbola (/? = 0.96 to 1.00). As an indicator of 
severity of infarction, myocardial total CK activity was 
determined in nine rats not subjected to IR (51,3 ± 1.7 U/ 
g wet weight) and in three of the five rats subjected to IR. 
These activities were highly and inversely correlated with 
serum cTnT concentration (/? = 0.99; P= 0.004; Figure 2). 

In 10 healthy mice, serum cTnT concentration was 0.19 
± 0.027 ng/ml, approximately 20-fold higher than that 
found in other species (rats, dogs, ferrets, humans). Serum 
cTnT concentration of pooled blood from male and female 
mice treated with doxorubicin was increased 10-fold, com- 
pared with the value in controls (Figure 3), 

In the ferrets from which blood was collected by cardiac 
puncture on two separate intervals separated by 45 min, 
the serum cTnT concentration was highly variable, rang- 
ing from 0.1 to 133 ng/ml (Figure 3). Because cTnT was 
undetectable in untreated healthy ferrets (unpublished 
data) , these values indicate marked increeise in serum cTnT 
concentration in association with cardiac puncture. There 
was no difference in serum cTnT concentrations measured 
at different time points after induction of anesthesia. 

Discussion 

In this study, several novel findings confirmed and ex- 
tended reported results (12-17), indicating that the occur- 
rence and severity of cardiac Injury in various laboratory 
animals can be reliably determined from serum cTnT con- 
centration. The serum cTnT assay is shown to be effective 
at detecting cardiac injury induced by various causes, in- 
cluding ischemia, IR, doxorubicin, and physical Injury, in 
various laboratory animal species, including rats, mice, 
dogs, and ferrets. Importantly and uniquely, results of this 
study clearly indicate that, in the presence of moderate 
skeletal muscle injury, serum cTnT is an effective indica- 
tor of cardiac injury, whereas cardiac isozymes of LD, and 
especially of CK, are Ineffective biomarkers of cardiac in- 
jury. Furthermore, within 3 h of cardiac injury, serum cTnT 
concentration Is an accurate predictor of severity of the 
injury, and more accurately predictive of cardiac origin than 
is CK, even in the absence of skeletal muscle injury. Se- 
rum cTnT concentration after IR was more than 1 ,000-fold 
greater than control values, whereas total CK activity of 
cardiac origin and cardiac LD and CK isozyme activities 
were typically < 10-fold greater than controls. 

Our finding that serum cTnT concentration is propor- 
tional to infarct size in rats and dogs is supported by re- 
sults of previous studies. A study of four dogs indicated 
that, within 3 weeks of LCD occlusion, maximal serum con- 
centration of cTnT, but not activity of cardiac CK Isozymes, 
correlated with infarct size (16). Results of studies of Iso- 
lated and perfused rat hearts (13, 29-33) indicated that 
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Figure 3. Serum values of cTnT In mice with doxorubicin- induced 
cardiotoxlcosis and In ferrets that underwent cardiac puncture. 
In the upper bar graph, serum cTnT concentration Is shown for 
pooled blood samples from three control mice and four male and 
four female mice treated for 5 days with doxorubicin. In the lower 
bar graph, serum cTnT concentration is shown for blood collected 
by cardiac puncture from ferrets under anesthesia, at the begin- 
ning of anesthesia (A) and after 45 min of anesthesia (B). 



cTnT concentration was correlated with duration of is- 
chemia and with hemodynamic dysfunction. In rats receiv- 
ing abdominal, heterotopic heart transplants (14) and in 
rats administered cardlotoxic doses of isoprenaline (12), 
serum cTnT concentration correlated with severity of his- 
tologic indication of degeneration. 
Comparison of cTnT, CK, and LD as biomarkers of 

cardiac ixijury: Our experiments in dogs indicated that 
cTnT, but not CK-MB or LDH-1, is an effective marker of 
cardiac injury with coexisting moderate (serum CK of 5,000 
to 14,000 U/L) muscle injury. Enzymes were released from 
myocardium during IR and from skeletal muscle after the 
dogs were revived. Cardiac origin of increased serum CK 
activity during IR was indicated by its high correlation with 
serum cTnT concentration and infarct size; muscle origin 
of increased serum CK activity in revived dogs was indi- 
cated by lack of these correlations. Furthermore, Isozyme 
analysis for revived dogs indicated that LD release, which 
follows CK release, had occurred from myocardium but had 
not yet occurred from skeletal muscle. Muscle injury was 
likely caused by ischemia secondary to LCD occlusion and 



stenosis. Associated enzyme increases were likely delayed 
until resumption of muscular activity. 

Even in the absence of moderate skeletal muscle injury, 
which caused CK to be of little diagnostic value for myo- 
cardial infarct, serum cTnT concentration was superior to 
serum activities of CK isozymes as a biomarker of cardiac 
Injury. Compared with CK values, cTnT concentration in 
serum had higher correlation (r = 0.96 versus 0.60) with 
severity of myocardial injury, was not found in appreciable 
amounts in control samples, and consequently, was In- 
creased, relative to control values, by more than a 100-fold. 
Furthermore, in a previous study (16) of cTnT and CK af- 
ter LCD occlusion, infarct size was more highly correlated 
with cTnT concentration (r= 0.93 versus 0.56). Finally, in 
addition to the cTnT assay being more effective in detec- 
tion of cardiac injury than are eissays of CK and LD isozyme 
activities, we found it to be more easily and rapidly per- 
formed and therefore less expensive per assay (data not 
presented). 

Our finding that cTnT is a more sensitive marker than 
CK-MB is confirmed by a study of cardiac rejection In rats 
(14). In this study, cTnT was increased 10-fold with earli- 
est histologic signs (edema) of rejection, whereas CK-MB 

values were not significantly different from control values. 
Furthermore, serum cTnT concentration was significantly 
correlated with severity of rejection. 

Serum cTnT concentration in various species and 
various cardiac injuries: Serum cTnT concentration was 
also shown to be an effective indicator of the occurrence 
and severity of myocardial Infarction in rats. Furthermore, 
using the rat model, it was shown that prior to reperfusion, 
ischemia alone caused Increases in serum cTnT concentra- 
tion. The effect of ischemia, prior to reperfusion, on serum 
cTnT concentration was not observed in dogs, possibly be- 
cause it was masked by the release of cTnT associated with 
incision Into the myocardium for catheter insertion, which 
Induced a 50-fold increase in cTnT values. Manipulation of 
the rat heart prior to occlusion of the LCD apparently in- 
duced a similar Increase in serum cTnT concentration. 

Our in vivo studies of cTnT during IR in rats confirm 
and extend previous studies that were conducted using iso- 
lated and perfused rat hearts (13, 29-33). Here we quan- 
tify the increase in serum cTnT concentration associated 
with myocardial infarction in rats and indicate correlation 
of cTnT concentration with severity of injury. 

Our studies of doxorubicin cardiotoxlcosis in mice indi- 
cate that degenerative effects induced chemically also re- 
sult in marked increases in serum cTnT concentration. The 
association of increased serum cTnT concentration with 
degenerative cardiotoxlcosis was also found in rats admin- 
istered isoprenaline (12). 

Blood sample collection by cardiac puncture, although a 
relatively common and accepted method used terminally 
in laboratory animals (28), Is clearly documented In this 
study to be inappropriate for evaluation of cardiac injury. 
A similar conclusion was made from studies of mice (15). 
Increases in serum cTnT concentration (Figure 3) induced 
by use of this blood collection method were highly vari- 
able, ranging from slight to marked. This variation, and 
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the fact that a second cardiac puncture did not further in- 
crease serum cTnT values, probably result from the fact 
that most of the cTnT Increase was attributable to direct 
tissue contamination rather than to release of cTnT Into 
blood. 

Qualifications, limitations, and needs for further 

studies: In interpretation of the results of this study» its 
limitations should be considered. The number of animals 
used was small. However, results had high significance 
because cTnT is a highly effective indicator of cardiac in- 
jury, differences from controls were large, and correlations 
between parameters were high. Only selected species were 
studied, including dogs, mice, rats, and ferrets. However, 
these are the laboratory animals commonly used in re- 
search, and previous studies have indicated that cTnT re- 
activity and specificity are conserved across a wide range 
of species. It is noteworthy that of these species, mice had 
substantially higher baseline values than those found in 
other species. This may reflect the facrt that the monoclonal 
antibodies used in the immunoaissay were produced using 
hybridomas of mouse origin (24). This conclusion is sup- 
ported by the observation that isolated mouse cTnT is 10- 
fold more reactive with monoclonal antibody M7, which is 
used in the cTnT immunoassay, than is isolated human 
cTnT (15). 

In most of our studies, we used the first -gene ration cTnT 
immunoassay (24), which is now being replaced by a sec- 
ond-generation cTnT immunoassay (25). In a comparative 
study of these two assays, it was documented that the sec- 
ond-generation assay differed from the first-generation 
assay principally in having 10-fold improved 
cardiospecificity (19). It was 100-fold more reactive with 
cardiac than with skeletal muscle, whereas for the first- 
generation assay, there was only a 10-fold difference in tis- 
sue reactivities. Because the second-generation assay was 
substantially improved over the first-generation assay, this 
difference should only reinforce our conclusion that cTnT 
is a highly effective biomarker of cardiac injury. Further- 
more, in this study, we used the second-generation assay 
in evaluation of cTnT cardiospecificity in the presence of 
skeletal muscle injury. 

Measurements of enzyme mass are more sensitive than 
are measurements of enzyme activity, which is more labile 
(1). Thus, measurement of CK-MB mass should have in- 
creased effectiveness in detection and assessment of car- 
diac injury. However, diagnostic use of either CK-MB ac- 
tivity or mass is limited by high baseline CK-MB activ- 
ity in some species and by co-existing skeletal muscle in- 
jury. Furthermore, species-specific immunoassays for CK- 
MB are not commercially available for use in laboratory 
animals, and CK-MB immunoreactlvity is not well con- 
served across species (unpublished data) . 

Although cTnT is effective for evaluation of acute or on- 
going cardiac injury in the presence of mild to moderate 
injury of skeletal muscle, further studies are required to 
define the severity of skeletal muscle injury that interferes 
with the cTnT assay effectiveness. Also, further studies of 
the kinetics of release and clearance of cTnT in different 
species are required to define the duration of time from 



injury in which cTnT is a useful biomarker. 

We conclude that cTnT is a powerful biomarker in labo- 
ratory animals for the sensitive and specific detection of 
cardiac injury arising from various causes. The cTnT im- 
munoassay is apparently the first commercially avail- 
able sissay documented to be universally applicable for this 
purpose. However, until the cTnT immunoassay's reactiv- 
ity for skeletal muscle is further diminished in a third-gen- 
eration assay, and until the species-dependence of the ki- 
netics of cTnT release and clearance is defined, its use 
should be restricted to acute or ongoing cardiac injury, and 
results should be interpreted cautiously in the presence of 
moderate to marked skeletal muscle injury. 
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Cell Therapy Attenuates Deleterious Ventricular 
Remodeling and Improves Cardiac Performance After 

Myocardial Infarction 

Mohit Jain*; Harout DerSimonian, PhD*; Daniel A. Brenner, MA; Soeun Ngoy; Paige Teller, MA; 
Albert S.B. Edge, PhD; Agatha Zawadzka; Kristie Wetzel; Douglas B. Sawyer, MD, PhD; 
Wilson S. Colucci, MD; Carl S. Apstein, MD; Ronglih Liao, PhD 

Background — Myocardial infarction (MI) promotes deleterious remodeling of the myocardium, resulting in ventricular 
dilation and pump dysfunction. We examined whedier supplementing infarcted myocardium with skeletal myoblasts 
would (1) result in viable myoblast implants, (2) attenuate deleterious remodeling, and (3) enhance in vivo and ex vivo 
contractile performance. 

Methods and Results — Experimental MI was induced by 1-hour coronary ligation followed by reperfusion in adult male 
Lewis rats. One week after MI, 10^ myoblasts were injected directly into the infarct region. Three groups of animals 
were studied at 3 and 6 weeks after cell therapy: noninfarcted control (control), MI plus sham injection (MI), and MI 
plus cell injection (Ml+cell). In vivo cardiac function was assessed by maximum exercise capacity testing and ex vivo 
function was determined by pressure-volume curves obtained from isolated, red cell-perfused, balloon-in-left ventricle 
(LV) hearts, MI and MI + cell hearts had indistinguishable infarct sizes of ^30% of the LV. At 3 and 6 weeks after cell 
therapy, 92% (13 of 14) of Ml+cell hearts showed evidence of myoblast graft survival. Ml+cell hearts exhibited 
attenuation of global ventricular dilation and reduced septum-to-free wall diameter compared with MI hearts not 
receiving cell therapy. Furthermore, cell therapy improved both post-MI in vivo exercise capacity and ex vivo LV 
systolic pressures. 

Conclusions — Implanted skeletal myoblasts form viable grafts in infarcted myocardium, resulting in enhanced post-MI 
exercise capacity and contractile function and attenuated ventricular dilation. These data illustrate that syngeneic 
myoblast implantation after MI improves both in vivo and ex vivo indexes of global ventricular dysfunction and 
deleterious remodeling and suggests that cellular implantation may be beneficial after MI. (Circulation* 2001; 103: 1920- 
1927.) 

Key Words myocardial infarction ■ remodeling ■ exercise ■ myocardial contraction 



Despite advances in the treatment of myocardial infarc- 
tion (MI), congestive heart failure secondary to infarc- 
tion continues to be a major complication, MI promotes acute 
and chronic transformation of both the necrotic infarct zone 
and the nonnecrotic, peri-infarct tissue, leading to global 
alterations that have collectively been termed "ventricular 
remodeling.***-^ The cardiomyocytes lost during an MI cannot 
be regenerated, and the extent of the loss is inversely related 
to cardiac output, pressure-generating capacity, and, ulti- 
mately, survival."*'^ Cell therapy, or the supplementation of 
tissue with exogenous cells, has previously been used in the 
treatment of disease in which terminally differentiated cells 
are irreparably damaged.^ Recently, it has been suggested that 
cell therapy with skeletal myoblasts may be effective in the 
treatment of MI.''^ 



Myoblasts maintain the regenerative potential of skeletal 
muscle and, during periods of stress, proliferate and differ- 
entiate into myotubes, eventually forming new muscle fibers 
capable of contraction. Previous studies have shown that 
myoblasts implanted into myocardium undergo myotub>e 
formation, withdraw from the cell cycle, and remain via- 
ble 9.10 Furthermore, myoblasts implanted into ciyoinfarcted 
myocardium have yielded similar results, with differentiation 
into slow-twitch skeletal myocytes expressing ^-MHC and 
capable of contraction on stimulation. Functional studies 
have also shown an improvement in regional contractility and 
compliance in cryoinfarcted myocardium after myoblast im- 
plantation. ^2 We therefore hypothesized that supplementing 
infarcted myocardium with syngeneic skeletal myoblasts 
would result in the formation of viable muscle grafts capable 
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TABLE 1. Animal Characteristics 

Heart 









Body 


Heart 


Weight/Body 


Lung 


Uver 


Time 


Group 


n 


Weight, g 


Weight, g 


Weight 


Wet/Dry 


Wet/Dry 


3 Wk after 


Control 


9 


358±7 


1.16±0.06 


3.23±0.15 


4.88±0.05 


3.31 ±0.01 


therapy 


Ml 


6 


347 ±5 


1.44±0.03* 


4.15±0.12* 


4.83±0.08 


3.28±0.07 




Ml+cell 


7 


340±4 


1.43±0.06* 


4.11 ±0.08* 


4.86±0.04 


3.24±0.04 


6 Wk after 


Control 


9 


391 ±7 


1.18±0.06 


3.01 ±0.13 


4.94±a04 


3.26±0.01 


therapy 


Ml 


7 


398±8 


1.54±0.05* 


3.83±0.ir 


4.97±0.02 


3.25±0.01 




Ml+cetl 


7 


383±7 


1.42±0.04* 


3.70±0.ir 


4.88±0.07 


3.27±0.01 



*P<0.05 vs control. 



of attenuating deleterious post-MI remodeling and improving 
global cardiac performance. With the use of a rat coronary 
ligation model of MI,i'2.i3 we demonstrate the physiological 
efficacy of myoblast implantation on both in vivo and ex vivo 
indexes of global cardiac remodeling and contractile failure. 

Methods 

Animal Model 

Male inbred adult Lewis rats were obtained from Charles River 
Laboratories at 8 weeks of age, placed on a rat chow diet and water 
ad libitum, and housed under an alternating 12-hour light-dark cycle. 
Experimental MI was induced by coronary ligation of the main 
branch of the left marginal artery, as previously described. >^ After 1 
hour of coronary occlusion, the suture was removed, the myocardium 
reperfused, and the chest closed. Noninfarcted conu-ol anunals 



received an identical procedure with the exception of tying of the 
coronary suture. All animal handling and procedures strictly adhered 
to the regulations of Boston University Animal Care and the National 
Society for Medical Research. 

Myoblast Generation and Cell Implantation 

Myoblasts were isolated from skeletal hind leg muscle of neonatal 
Lewis rats. Neonatal tissue allowed for generation of a greater 
number of myoblast cells, with less fibroblast contamination, in a 
shorter time ti-ame. We have previously isolated competent skeletal 
myoblasts from adult animals and humans with similar results. 

Neonatal tissue was minced and digested (incubated at 3>TC for 
10 minutes) with a mixture of u-ypsin (0.5 mg/mL; GibcoBRL) and 
coUagenase (0.5 mg/mL; GibcoBRL) to release satellite cells. Cell 
release was repeated 10 times for a given tissue isolation to 
maximize satellite cell recovery relative to contaminating fibroblasts. 
Cells from each isolation were seeded on poly-L-Iysine/Iaminin 
(Sigma)-coated plates for expansion in myoblast growth basal 




Figure 1 . Myoblast survival in infarcted 
myocardium at 9 days after implantation. 
Infarcted LV free wall of rat is shown 
under increasir^ magnification with 
trichrome staining (A, B, and C) and 
immunohistochemical staining for myo- 
genin (nuclear transcription factor unique 
to skeletal myoblasts) (D, E, and F). 
Under trichrome staining, replacement 
fibrosis appears blue and remaining via- 
ble myocardium red, Myogenin staining 
demonstrates presence of myoblasts 
witliin infarct region. Encircled area (A 
and D) identifies one area of graft sur- 
vival within infarct region. Areas marked 
by anx)ws in B and E are shown under 
higher magnification in C and F, respec- 
tively. Bars represent distances of 1 mm 
in A and D; 200 jutm in B and E; and 100 
/xm in C and F. 
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medium (SkBM; Clonetics) containing 20% fetal bovine serum 
(Hyclone), recombinant human epidermal growth factor (rhEGF: 10 
ng/mL), and dexamethasone (0.39 /LLg/mL). Myoblast-enriched 
plates were identified after 48 hours of expansion and harvested with 
0.05% trypsin-EDTA (GibcoBRL). For a given experiment, -^lO' 
cells were harvested from 6 to 10 plates, seeded by satellite cells 
isolated from the limb muscle of 2 neonate equivalents. Similar 
results have been reported with adult skeletal muscle.^ Cells were 
washed and suspended in cold HBSS at 10' cells/mL and kept up to 
4 hours on ice before injection. A total of 100 /uL (10* cells) was 
injected into each animal. Under these conditions, cells were 
determined to be ^50% myoblasts by flow cytometry with the 
monoclonal antibody H36 (anti-rat a-7 integrin).^^ The remaining 
cells were fibroblast-like, as determined by cell morphology. The 
ability for myoblasts to fuse into multinucleated myotubes in vitro 
was also confirmed. 

Seven days after MI, infarcted animals were randomized to 
receive cell or sham implantation. Rats underwent a second thora- 
cotomy, and the left ventricle was visualized. Each rat received 6 to 
10 injections (total of 10*^ cells/heart) of 10 to 16 juL of myoblast 
suspension in HBSS directly into the infarct and peri-infarct regions, 
«=«1 to 2 mm apart, with a 30-gauge Hamilton needle. Infarcted 
animals not receiving cells underwent an identical injection proce- 



dure with HBSS alone. Noninfarcted control animals were subjected 
to the same surgical procedures without injection. 

Animal Groups 

Three groups of animals were studied: control animals receiving 
neither infarction nor implantation (control), infarcted animals with- 
out cell therapy (MI), and infarcted animals receiving myoblast cell 
therapy (Ml+cell). In vivo and ex vivo cardiac physiology and 
myoblast cell survival were studied at 3 and 6 weeks after cell 
therapy. Cell grafts were also examined at 9 days and 12 weeks after 
implantation in several animals to determine the time course of 
survival of implanted cells. 

In Vivo Maximum Exercise Capacity 

Maximum exercise capacity is often used as a measure of in vivo 
ventricular function and overall cardiac performance and recendy 
has been demonstrated to be a valuable tool in the assessment of 
cardiac performance in smaller animal models.^^-^'' Maximum exer- 
cise capacity was assessed before implantation (1 week after MI) as 
well as at 3 and 6 weeks after implantation. Maximum exercise 
capacity was measured as the distance run on a modified rodent 
treadmill (Columbus Instruments) until exhaustion.^* Exhaustion 
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Figure 3. Myoblast survival in infarcted myocardium at 12 
weeks after implantation. Infarcted LV free wall Is shown with 
trichrome staining (A) and immunohistochemlcal staining for 
myogenin (B) or skeletal-specific myosin heavy chain (C). Myo- 
genin and skeletal myosin heavy chain expression demonstrates 
presence of viable myoblasts and myotubes at 12 weeks after 
Implantation. Bar represents distance of 200 ^m in A. B, and C. 



was defined as the inability to run for 15 consecutive seconds despite 
minor electric shock. Initial U"eadmill speed was set at 15 m/min at 
a 15 degree grade and increased by 1 -m/min increments every 
minute. 

Ex Vivo Ventricular Function 

To characterize myocardial remodeling and ex vivo cardiac function 
at 3 and 6 weeks after implantation, whole-heart Langendorff 
perfusion studies were performed in isolated isovolumically beating 
(balloon-in-left ventricle [LV]) hearts as previously described. ^^-^^ 
Briefly, isolated hearts were retrogradely perfused with a perfusate 
consisting of bovine red blood cells suspended in modified Krebs- 
Henseleit buffer at a hematocrit of 40%. A fluid-filled cling-film 
balloon connected to a Statham P23Db pressure transducer (Statham 
Instruments) was placed into the left ventricle to monitor ventricular 
pressures. Coronary perfusion pressure was set to 80 mm Hg, and 



active pressure-volume relations were then generated. From a bal- 
loon volume of zero, the balloon was filled in increments of O.OS mL, 
and subsequent peak systolic and end-diastolic pressures were 
recorded. Systolic and diastolic pressure-volume relations were 
derived as previously described, ^^-^o 

Tissue Histology and Morphometry 

After pressure-volume experiments, hearts were arrested in diastole 
and fixed with 4% buffered paraformaldehyde at a final ventricular 
distending pressure of 5 mm Hg. Hearts were then weighed, paraffin- 
embedded, and sectioned (5 to 7 fim thick) from each of 4 equally 
spread levels (atrium through apex). 

Six-micron-thick sections were cut, mounted, and stained with 
trichrome. Myogenin immunohistochemistry was performed for 
identification of implanted skeletal myoblasts, whereas skeletal- 
specific myosin heavy chain immunohistochemistry was performed 
for identification of differentiated myotubes.^ For detection of 
myogenin, deparaffinized sections were blocked for endogenous 
peroxidase activity and subjected to antigen retrieval by boiling for 
10 minutes in citrate buffer. Sections were blocked for endogenous 
biotin before adding primary polyclonal rabbit anti-rat myogenin 
antibody (Santa Cruz Biotechnology) followed by biotinylated goat 
anti-rabbit secondary antibody. For detection of myosin heavy chain, 
deparaffinized sections were incubated directly with alkaline phos- 
phatase- conjugated MY-32 mAb (Sigma), specific for skeletal 
muscle myosin heavy chain, overnight at 4°C. Sections were 
developed with diaminobenzidine (DAB Substrate Kit; Vector) for 
myogenin or with BCIP-NBT (Zymed) for MY-32 mAb and coun- 
terstained with nuclear red or fast green. 

In addition, trichrome sections were used for morphometric 
analysis. Stained sections were digitally imaged, and infarct size was 
determined as the mean percentage of epicardial and endocardial 
circumference occupied by scar tissue.^^ LV endocardial chamber 
diameter, septal wall thickness, and infarct wall thickness were 
derived from an average of 5 measurements taken throughout the 
respective regions. 

Statistics 

Data were analyzed by 1 -factor ANOVA or paired / test where 
appropriate. Pressure-volume relations were analyzed by a 2-factor 
repeated-measures ANOVA and a least-significant-difference post 
hoc test. All data are presented as mean±SEM. A value of P<0.05 
was considered statistically significant. 

Results 

Animal Characteristics 

Table 1 outlines the animal characteristics of control, MI, and 
Ml+cell animals at both 3 and 6 weeks after therapy. All 
groups had a comparable increase in body weight over time. 
In addition, at all time points, hearts from MI and Ml+cell 
groups displayed comparable degrees of LV hypertrophy of 
^^20% relative to control animals, as indicated by increased 
heart weights and heart-to-body weight ratios. Neither MI 
nor cell therapy altered lung or liver wet-to-dry ratios, 
suggesting the absence of pulmonary or hepatic congestion. 

Animal Survival, Infarct Size, and 
Myoblast Implantation 

Experimental MI resulted in **15% acute mortality rate 
within 24 hours of operation, whereas the cell implantation 
procedure caused no additional animal deaths. Comparable 
infarct sizes of 31 ± 1% and 32± 1% of the LV were observed 
in MI and Ml+cell hearts, respectively. Hearts receiving 
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Figure 4. Maximum exercise capacity determined in nonin- 
farcted control animals, Ml rats, and Ml+cell rats. Control ani- 
mals maintained steady exercise performance over time. At all 
time points, Ml and Ml+cell animals had significant reduction in 
maximum exercise capacity relative to control animals (P<0.05). 
Ml rats had progressive decline in maximum exercise tolerance 
over time. Cell therapy prevented deterioration in post-MI exer- 
cise capacity. •P<0.05 vs 0 weeks (pretherapy); #P<0.05 vs Ml. 



infarction displayed areas of concentrated fibrosis, whereas 
noninfarcted control hearts appeared as continuous viable 
myocardium with homogenous thickness. Mortality rate was 
also similar in MI and Ml+cell animals over the observation 
period, with no deaths at 3 weeks after implantation and 2 
deaths in each group before assessment of cardiac function at 
6 weeks after implantation. 

Animals undergoing syngeneic cell therapy displayed no 
evidence for cell rejection as determined by excessive mac- 
rophage accumulation in tissue sections. Graft survival was 
identified at 9 days (Figure 1), 3 weeks (Figure 2, A, C, E, 
and G), 6 weeks (Figure 2, B, D, F, and H), and 12 weeks 
(Figure 3) after implantation, by immunohistochemical stain- 
ing for myogenin (skeletal myoblasts) and for skeletal- 
specific myosin heavy chain (skeletal myotubes). Myogenin- 
positive staining was observed as early as 9 days (Figure 1, D, 
E, and F) and as late as 12 weeks after implantation (Figure 
3B). Skeletal myosin heavy chain expression was not de- 
tected at 9 days after implantation (data not shown) and was 
first observed at 3 weeks after implantation (Figure 2, E and 
G). Continued skeletal myosin heavy chain staining was 
evident at 6 weeks (Figure 2, F and H) and 12 weeks (Figure 
3C) after implantation. 

Cell survival was confirmed in 6 of 7 animals at 3 weeks 
after therapy and in 7 of 7 animals at 6 weeks after therapy. 
At all examined time points, implanted cell grafts ranged in 
size from large patches of myoblasts and myotubes to 
uniformly dispersed single cells within both the infarct and 
adjacent peri-infarct regions. Examination of cell grafts at 
higher magnification indicated that after 3 weeks, implanted 
cells developed the elongated morphology characteristic of 
fused polynucleated myotubes. Implanted cells occasionally 
appeared to orient parallel to the endocardium and epicar- 
ctium in similar alignment to cardiomyocytes. Furthermore, 
vascular structures were present within or adjacent to the 



engrafted areas, suggesting that blood supply was available 
for implanted cells. In the nonnecrotic, peri-infarct region, 
implanted cells formed regions of myoblasts and myotubes 
surrounded by fibrosis (Figure 2, C and D). 

Maximum Exercise Capacity 

As seen in Figure 4, at baseline, before implantation, both MI 
and Ml+cell animals exhibited comparable reductions in 
exercise capacity of «=*10% relative to control animals, again 
suggesting similar degrees of myocardial damage before cell 
therapy. Control animals maintained a stable exercise capac- 
ity over the observation period. In contrast, MI animals 
exhibited a gradual decline in exercise performance with 
time, with a >30% reduction in exercise capacity relative to 
control animals at 6 weeks. Cell therapy, however, prevented 
the continued decline of post-MI exercise capacity, suggest- 
ing a protection against the progressive deterioration of in 
vivo cardiac function. 

Ex Vivo Contractile Function 

Cardiac contractile function was further investigated in iso- 
lated hearts through generation of systolic pressure-volume 
curves (Figure 5). Noninfarcted control hearts exhibited a 
typical rise in systolic pressure with increasing ventricular 
volume. Three weeks after implantation (4 weeks after MI), 
MI hearts displayed a rightward shift in the systolic pressure- 
volume curve (Figure 5A). Cell implantation prevented this 
shift in Ml+cell hearts, resulting in greater systolic pressure 
generation at any given preload (ventricular volume). There 
was, however, no significant difference in the peak systolic 
pressure generated at maximum ventricular volume (at an 
end-diastolic pressure of 40 mmHg) among groups. The 
beneficial effects of cell therapy were also seen at 6 weeks 
after therapy (Figure 53), suggesting an improvement of ex 
vivo cardiac function with myoblast implantation. 

Ventricular Dilation 

In addition to pump dysfunction, ventricular remodeling 
characteristically results in progressive global cavity enlarge- 
ment. Ventricular dilation was assessed with diastolic 
pressure-volume relations, established in isolated hearts 
through monitoring of distending pressures over a range of 
diastolic volumes (Figure 6). At all time points during the 
observation period, MI hearts exhibited substantially enlarged 
LVs relative to noninfarcted control hearts at any given 
distending pressure, demonstrated by a rightward reposition- 
ing of the pressure-volume curve. Cell therapy, however, 
caused a significant reduction in ventricular cavity dilation, 
placing hearts from the Ml+cell group significantly leftward 
of the MI group at both 3 weeks (Figure 6A) and 6 weeks 
(Figure 68) after implantation, thereby suggesting an atten- 
uation of deleterious post-MI ventricular remodeling with cell 
implantation. 

Ventricular Morphometry 

Ventricular remodeling was further investigated through mor- 
phometric analysis of tissue sections (Table 2). At all time 
points, MI and Ml+cell hearts exhibited enlarged chamber 
diameters compared with noninfarcted control hearts. Six 



I>ownloaded ftom circ.ahajoumals.org by on May 23, 2007 



♦ 



Jain et al Post-MI CeU Therapy 1925 



A 200 




Ventricular Volume (mL) 



Figure 5. Systolic pressure-volume relations at 3 weeks after 
cell therapy (A) and 6 weeks after cell therapy (B) in nonin- 
farcted control animals, Ml rats, and Ml+cell rats. Control hearts 
displayed characteristic increase in systolic pressure with 
increasing ventricular volume. Ml hearts exhibited rightward shift 
In systolic pressure-volume curve. Cell therapy prevented shift 
In infarcted hearts, resulting in greater systolic pressures at 
given ventricular volume relative to Ml hearts at both 3 and 6 
weeks after cell therapy. *P<0.05 vs control at any given ven- 
trtoular volume; #P<0.05 vs Ml+celt at any given ventricular 
volume. 



weeks after cell therapy, hearts from the MI + cell group had 
a reduced endocardial cavity diameter relative to MI hearts, 
suggesting an attenuation of ventricular dilation, similar as 
seen with diastolic pressure-volume curves in Figure 6B. In 
addition, MI hearts exhibited a decrease in infarct wall 
thickness at both 3 and 6 weeks after therapy, suggesting 
characteristic post-MI scar thinning and infarct expansion. MI 
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Figure 6. Diastolic pressure-volume relations at 3 weeks after 
cell therapy (A) and 6 weeks after cell therapy (B) in nonin- 
farcted control animals, Ml rats, and Ml+cell rats. Ml resulted in 
significant rightward shift of diastolic pressure-volume curve rel- 
ative to noninfarcted control hearts. Cell therapy attenuated 
shift, suggesting reduction in ventricular global chamber dilation 
at both 3 and 6 weeks after cell therapy. *P<0.05 vs control; 
#P<0.05 vs Ml. 



hearts receiving cell therapy, however, had similar infarct 
wall thickness relative to both noninfarcted control and 
infarcted MI hearts. Septal wall thickness was comparable 
among all groups at both 3 and 6 weeks after therapy. 

Discussion 

Previous studies have suggested that implanted myoblasts 
form viable grafts with the potential to improve regional 
cardiac function in infarcted myocardium.^-^2.21 Our experi- 
ments build on these initial studies and demonstrate the in 
vivo and ex vivo therapeutic benefits of myoblast implanta- 
tion on global post-MI ventricular remodeling and cardiac 
function. 

In this model of experimental MI, coronary occlusion 
release resulted in typical histological and physiological 
changes characteristic of deleterious post-MI ventricular re- 
modeling,2*4 including an infarct region deficient in endoge- 
nous myocytes, infarct wall thinning, ventricular dilation, 



TABI^ 2. Ventricular Morphometry 



Time 


Group 


LV Cavity 
Diameter, mm 


Septum 
Thickness, mm 


Infarct Wall 
Thickness, mm 


3Wk after 


Control 


5.49±0.34 


1.78±ai1 


2.15±0.13 


therapy 


Ml 


7.65±0.33t 


1,68±0.19 


1.44±0.24t 




Ml+oeii 


6.77±0.13* 


1,50±0.07 


1.78±0.11 


6 Wk after 


Contn3i 


5.93±0.24 


1.75±0.07 


2.01 ±0.06 


therapy 


Ml 


8.11±0.43t 


1.53±0.12 


1.67±0.16* 




Ml+cell 


6.79±a30*t 


1.63±0.07 


1.77+0.19 



*P<0.05 vs control, t/^0.01 vs oontrol. 
tP<0.05 vs Ml. 
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decreased ventricular function, and impaired exercise toler- 
ance similar to previous reports, In addition, MI and 
Ml+cell animals exhibited comparable infarct sizes and 
similar decreases in maximum exercise capacity before cell 
implantation, suggesting that differences in cardiac remodel- 
ing or function resulting from cell therapy were not due to 
disparities in initial ischemic injury. Cell implantation at 7 
days after MI was selected on the basis of preliminary 
experiments indicating the greatest degree of cell survival 
relative to both longer and shorter post-MI time periods. 
Myoblast cell implantation resulted in focal areas of signifi- 
cant cell graft formation in >90% of animals tested. 

LV cavity dilation and exercise intolerance are predictors 
of cardiovascular morbidity and are often used to gauge 
efficacy of experimental treatments and to guide therapy.25-28 
Infarcted hearts receiving cell therapy had an attenuation of 
ventricular dilation assessed both in isolated hearts and LV 
cross sections. Cell implantation also improved ex vivo 
contractile function at 6 weeks after implantation and aug- 
mented in vivo maximum exercise capacity after MI. No 
apparent correlation, however, was observed between graft 
size and cardiac function. 

Although global contractile function was increased after 
cellular implantation, it remains uncertain if implanted myo- 
blasts are actively responsible for force generation during the 
cardiac cycle. Although several mechanisms may be respon- 
sible for the improved cardiac function, our data suggest that 
enhanced in vivo and ex vivo generated pressures are more 
likely to be a result of overall attenuation of deleterious 
ventricular remodeling within the infarcted and viable myo- 
cardium rather than an active force generation by myoblasts. 
In both animals and humans, myocardial pressure- generating 
capacity and corresponding exercise capacity decline gradu- 
ally after MI as the infarcted and viable myocardium undergo 
progressive dilation and remodeling.^ ^s Prevention of this 
dilation, even by physical restraint, results in increased 
cardiac performance.^^'^^ Therefore, implanted myoblasts 
may be responsible for augmented ventricular function 
through a mechanism involving attenuation of dilation of the 
viable myocardium and prevention of scar thinning, poten- 
tially through an increase in myocardial fibrosis. In addition, 
it is possible that growth factors, released by implanted cells, 
may exert a protective effect through stimulation of angio- 
genesis within the infarct and noninfarct regions.^ 

Cell therapy has been used effectively in the treatment 
of a variety of human disorders, from Parkinson's disease 
to diabetes, and holds promise in the therapy of many 
diseases in which nonregenerative cell death or abnormal 
cellular function plays a role. As with organ transplanta- 
tion, the limitation of cell therapy revolves around both the 
availability of human cells and the possibility of immune 
rejection. It is for these reasons that skeletal myoblast 
implantation remains highly attractive as a potential med- 
ical treatment.^ Skeletal myoblasts are readily available 
and ensure immunological compatibility of myoblast cells 
cultured from a skeletal muscle biopsy of the recipient. In 
addition, myoblasts have been shown to have increased 
tolerance to ischemia^ and can survive in regions of 
reduced coronary perfusion, as is often present in patients 



with coronary artery disease. These data illustrate the 
therapeutic benefits of syngeneic myoblast implantation 
after MI on both in vivo and ex vivo indexes of global 
ventricular dysfunction and deleterious remodeling and 
suggest that cell therapy may be beneficial after MI. 
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Cardiac troponin T (cTnT) is a superior 
marker to creatine phoshokinase (CPK) for myocardial 
dysfunction in rats "witli myocardial infarction. YukikQ 
Morimoto . Chikaomi Yamada, Hiromitsu Takagi, 
Takehiko Iwaki, Akira Mizuno and Mayumi Furuya. 
Suntory Biomed. Res. Ltd., Osaka 618-8503, Japan. 

Both cTnT and CPK are clinically used as biomarkers of 
myocardial injury. In die present study, we prepared a rat 
model of myocanlial infarction by 30min coronary ligation 
and reperfusion, and compared the plasma cTnT and CPK 
concentrations after ischemia-reperfusion with the infarct 
size. We also investigated the effect of 3-aminol)enzamide 
(3-AB), a poly(ADP-ribosc) polymerase (PARP) inhibitor, 
on the plasma cTnT level and myocardial infarct size. 
Plasma cTnT concentrations were markedly increased after 
myocardial ischemia-reperfusion, and peaked 2 hours after 
reperfusion, which were then gradually decreased, but still 
higher than those of sham-operated rats even 24 hours after 
reperfusion. At any time point* plasma cTnT 
concentrations positively correlated with the infarct size. 
Plasma CPK levels also tended to increase 2 hours after 
reperfusion, but had no correlations with the infarct size. 
Intravenous administration of 3-AB (10 mg/kg + 10 
rag/kg/hr) at 10 min before reperfusion significantly 
reduced both plasma cTnT concentrations and the infarct 
size 2 hours after reperfusion. These results suggest that 
plasma cTnT concentrations could be a superior biomarker 
to plasma CPK to detect myocardial dysfunction, and that 
PARP inhibitor has a therapeutic value for myocardial 
protection. 



Effects of SEA0400, a novel inhibitor of 
Sodium-Calcium exchanger, on electrical and 
mechanical activities of myocardia. Tokiko Aikawa '\ 
Wataru Hirayama", Taro Kawanura", Hiroyuki Masuda", 
Kazuhide Nishimaru", Haruko Masumiya", Hikaru 
Tanaka", Toru Kawanishi*' and Koki Shigenobu" 
'•Dept. Pharmacol., Toho Univ. Sch. Pharm. Sci., 
Funabashi 274-8510, -'Div. Biol. Chem.Biol., Natl. Inst. 
Health, Sci.. Tokyo 158-8501. Japan. 

SEA0400 is a novel inhibitor of the Na*-Ca^ exchanger ( 
NCX ), developed by prof. Akemichi Baba et al. and 
Taisho Pharmaceutical Co. Ltd. In voltage clamped 
guinea-pig ventiricular myocytes, SEA0400 concentration- 
dependently inhibited the NCX current (Tanaka et al., Brit. 
J. Pharmacol. 135: 1096-1100, 2002) but had no 
significant effect on other membrane currents ( INa, ICaL, 
IKl.IK). 

SEA0400 had no effect on beating rate of the guinea pig 
right atria and SA node action potential configuration of 
rabbit. SEA0400 increased contractile force in the guinea 
pig, rat and mouse ventricle; this was accompanied by 
increased Ca-' transient amplitude. SEA0400 
concentration-dependently suppressed ouabain induced 
positive inotropy in the guinea pig. 
SEA0400 had no significant effect on action potential 
parameters such as RP ( resting potential ), OS ( over shoot 
). AMP ( amplitude ) . APD ( action potential duration ) 
and Vmax in the guinea pig. In the rat and mouse ventricle, 
SEA0400 shortened the late plateau, which is considered 
to reflect Ca^* extrusion by NCX. 

These results indicate that S£A04(X) is a powerful tool for 
further studies on the role of NCX in the heart. 



Effect of shear stress on methoxamine-induced 
vasoconstrictim in rat mesenteric arterial bed. Atsushj 
Sato . Hiroshi Suenaga and Katsuo Kamata. Dept. Physiol. 
MorphoK, Inst. Medicinal Chem., Hoshi Univ.. 
Shinagawa-ku, Tokyo 142-8501, Japan. 

The aim of present study was to examine the effects of 
shear stress on the contractile responses of rat mesenteric 
arterial bed to methoxamine (Met). The arterial bed was 
perfused with modified Krebs-Henseleit solution (flow rate 
of 5 mL/min) in the absence or presence of 4% bovine 
serum albumin (BSA) to enhance viscosity. Met increased 
the perfusion pressure in a dose dependent manner and 
these constrictions were not altered by L-arginine tretment. 
The Met-induced constriction was not also inhibited by 
BSA contained solution. However, treatment with both L- 
arginine and BSA markedly inhibited the Met-induced 
response. Treatment of the mesentery bed with both N w - 
nitro-L-arginine methyl ester (L-NAME; O.lmM) and N 
w -nitro-L-arginine (L-NA; O.lmM) strongly potentiated 
Met-induced constriction. In the presence of these 
inhibitors, the shear stress-induced inhibition was not 
observed. Tyrphostin-A23, a tyrosine kinase inhibitor 
(0.3mM), did not inhibit Met-induced response, but it 
selectively abolished the inhibitory effect by shear stress. 
The release of N02- plus N03- into the perfusate was 
significantly increased by the treatment with both L- 
arginine and BSA. These results suggest that shear stress 
attenuates Met-induced vasoconstriction by influx of 
extracellular L-arginine and that tyrosine kinase activity 
may be involved in these actions. 



Serum lipocalin-type prostaglandin D synthase 
as a sensitive marker for atherosclerosis. Nanae 
Taniguchi". Yoji Kato^*, Yutaka Eguchi^', Kosuke Aritake'\ 
Hiroshi Oda*\ Naomi Eguchi'^ and Yoshihiro Urade*'. 
"Dept. Mol. Behav. Biol., Osaka Biosci. Inst., Suita 565- 
0874, ^Cardiovas. Div., ISHINKAI YAO Gen. Hosp.. Yao 
581-0036. "Intensive Care Unit. Shiga Univ. Med. Sci., 
Otsu. Shiga 520-2192. ^Cen. Res. Inst. Maruha Corp., 
Tsukuba 300-4295, Japan. 

In the cardiovascular system, prostaglandin (PG) D^ shows 
several actions such as inhibiting platelet aggregation and 
induction of vasodilation. We recently reported that 
lipocalin-type PGD synthase (L-PGDS) was localized in 
the human synthetic phenotype of smooth muscle cells, 
and was secreted into the coronary circulation (Eguchi Y et 
al., PNAS 94. 14689-94» 1997). In this study, we measured 
the serum concentration of L-PGDS using the blood 
samples taken from the ascending aorta and great cardiac 
vein in patients with chest symptoms who were 
investigated by coronary angiography. The venous level of 
L-PGDS was higher than the aortic level, and the veno- 
aortic difference was increased depending on the severity 
of disease in the coronary, but not leg. circulation. 
However, no veno-aortic difference was found in 
lipoprotein (a) and C-rcactive protein levels. In autopsy 
specimens, the L-PGDS immunoreactivity was decreased 
in endothelial cells and inversely increased in smooth 
muscle cells and extracellular matrix of the coronary 
arteries with early atherosclerosis and of atheromatous 
vein graft. Ther^ore, serum L-PGDS is useful as a marker 
for coronary atherosclerosis. 



